Supramolecular dendronized polymers via quadruple hydrogen bonds. by Chan, Wing Shong Thierry. & Chinese University of Hong Kong Graduate School. Division of Chemistry.
Supramolecular Dendronized Polymers 
via Quadruple Hydrogen Bonds 
CHAN, Wing Shong Thierry 
A Thesis Submitted in Partial Fulfillment of 
the Requirements for the Degree 
of Master of Philosophy 
in 
Chemistry 




Professor Dr. Dennis Kee Pui Ng (Chair) 
Professor Dr. Hak Fun Chow (Thesis Supervisor) 
Professor Dr. Ken Chan Fai Leung (Committee Member) 






Chapter 1 一 Dendronized Polymers and Supramolecular Polymers 1 
1.1 Introduction to Dendrons and Dendrimers 1 
1.2 Dendronized polymers 4 
1.2.1 Graft-from Method 5 
1.2.2 Graft-to Method 7 
1.2.3 Macromonomer Method 8 
1.2.3.1 Step Growth Polymerization 9 
1.2.3.2 Chain Growth Polymerization 10 
1.2.3.3 Living Chain Growth Polymerization 11 
1.3 Supramolecular Polymers 12 
1.4 Supramolecular Dendronized Polymers 13 
Chapter 2 一 Design of Supramolecular Dendronized Polymers 18 
2.1 Hydrogen Bonding 19 
2.1.1 Binary Characters of Hydrogen Bonding 20 
2.2 2-Ureido-4[l//]-Pyrimidinone (UPy) 22 
2.3 Effects of Dendrons on Dimerization Constant of UPy 25 
2.4 Target Supramolecular Dendronized Polymers 26 
Chapter 3 - Synthesis and Characterization of Supramolecular Dendronized 
Polymers 28 
3.1 Retro-Synthesis 28 
3.2 Synthesis of [G1]-[G3] Bifunctional Protected Monomers 28 
3.3 Characterization of Intermediates 34 
3.3.1 'H NMR Spectroscopy 34 
3.3.2 13c NMR Spectroscopy 37 
— 1 — 
3.3.3 Mass Spectroscopy 40 
3.3.4 Size Exclusion Chromatography (SEC) 40 
3.4 Deprotection of [G1]-[G3] Biflmctional 0-benzyl Protected Monomers 41 
3.5 Characterization of [G1]-[G3] Biftinctional Dendronized Monomers 44 
3.5.1 Characterization of [Gl] Dendronized Di-UPy Monomer 44 
3.5.2 Characterization of [G2] Dendronized Di-UPy Monomer 46 
3.5.3 Characterization of [G3] Supramolecular Dendronized Di-UPy 
Polymer 47 
3.6 Conclusion 49 
Chapter 4 一 Properties of Supramolecular Dendronized Polymers 50 
4.1 Viscosity Measurement •. 50 
4.1.1 Introduction 51 
4.1.2 Viscosity Result At Room Temperature 52 
4.1.3 Viscosity Result At Different Temperatures 53 
4.1.4 Viscosity Result In Different Solvents 55 
4.2 Proton NMR 56 
4.3 Scanning Electron Microscopy 59 
4.4 Gelation Property 61 
4.5 Conclusion 63 
Chapter 5 - Experimental Procedures 66 
5.1 General Information 66 
5.2 Experimental Procedures 67 
References 82 
NMR spectra 89 
—11 
Acknowledgment 
I would like to express my sincere thanks to my supervisor, Prof. Hak-Fim 
Chow, for his patient guidance and invaluable advice during the course of my research 
and preparation of this thesis. Thanks are also given to Ka-Wai Wong for taking the 
scanning electron microscopy photos. 
Special thanks are also given to my groupmates, especially Chun-Ho Wong, 
Kwun-Ngai Lau and Lai-Sheung Choi for their helpful suggestions and discussions and 
continuous supports for my research project. In addition, other groupmates, Yiu-Cheung 
Keung, Chui-Man Lo, Siu-Yin Cheung, Wing-Sum Cheng and Yuting Liang provide 
good atmosphere in the laboratory so that I can work happily in the postgraduate studies. 
April, 2009 
Wong-Shong Chan 
Department of Chemistry 




This thesis described the synthesis and properties of a class of main chain 
supramolecular dendronized polymers. The monomeric units contained a central 
aromatic ring linked with two non-polar hydrocarbon dendrons and two 2-Ureido-
4[ 1 /：/]-Pyrimidinone (UPy) units in which in non-polar solvents, the UPys can self-
assemble to give supramolecular self-assembled polymers. 
‘The [G1]-[G3] supramolecular dendronized polymers 15-17 were synthesized 
by multi-step synthesis. All [G1]-[G3] intermediates were characterized by ^H and '^C 
nuclear magnetic resonance (NMR), mass spectroscopy (MS) and size exclusion 
chromatography (SEC). However, both [Gl] and [G2] polymers had very limited 
solubility in common solvents and they could not be fully characterized. Fortunately, 
the [G3] polymer 17 could be dissolved in non-polar organic solvents and characterized 
by and ^^ C NMR, SEC and MS. Its self-assembly properties were studied by 
NMR, viscosity measurement and scanning electron microscopy (SEM). The result 
showed that [G3] polymer 17 gave typical supramolecular properties. When the solution 
concentration increased, the degree of polymerization (DP) increased. The temperature 
dependence was also investigated, DP values decreased at higher temperature in CHCI3. 
In different solvents, its DP was higher in hexane than CHCI3 and it dissociated into 
oligomeric or monomeric species in the more polar solvent (^-DMSO in CDCI3. In the 
solid state, it had a linear structure due to the rigidity of the polymer backbone. The 
individual polymer chains further self-assembled to give a rod like structure with 
diameters in the range of ^m. Furthermore, the [G3] polymer also showed gelation 














































constant in Mark- J 
Houwink equation k 








degree Celsius M 
calculated M+ 
chemical shift (NMR) [M]o 
day(s); doublet (NMR); 
deuterated Mi 
hydrogen bond donor 
ureidodeazapterin My 
A^，A -^dimethylfonnamide 
dimethyl sulfoxide M^ 
degree of polymerization 
diphenyl phosphorazidate MALDI-
electron impact TOF 
electrospray ionization 
ethyl Me 
ethyl acetate min 
gram mol 
hour(s) mp 











low molecular weight 
micro 
milli; multiplet (NMR) 
molarity; mega 










































relative viscosity SEC 
reduced viscosity 
specific viscosity SEM 
nano 
number of repeating units; t 
normal 
normal butyl tQ 
nuclear magnetic 
resonance ^-Bu 
polydispersity index Tf 
partially gelled TfaO 
phenyl TFA 
part(s) per million TLC 
quartet (NMR) unsat， 
quintet (NMR) UPy 
refractive index 
retention index UV 
rotations per minute V 
room temperature VPO 
retention time 









efflux time for polymer 
solution 
















percentage of chain 
stopper 
—Vll 
Chapter 1 一 Dendronized Polymers and Supramolecular Polymers 
This thesis is concerned with the synthesis and characterization of 
supramolecular dendronized polymers. A brief introduction of several concepts 
including dendrimer, dendronized polymer and supramolecular polymer will be given in 
this chapter. 
1.1 Introduction to Dendrons and Dendrimers 
Dendrimers are highly branched, monodisperse, three-dimensional 
macromolecules.i Figure 1(a) shows the general structure of a dendrimer. It contains a 
central core in which a few dendrons (Figure 1 (b)) are attached. These dendrons consist 
of surface groups and branching units, which make the dendrimer highly branched. It 
also contains a focal point, which joins the core and the dendrons together. The 
generation number of dendrimer is counted as the number of branching units between 
the core and the surface group. The example shown in Figure 1(a) is a [G2] dendrimer. 
Dendrimer has a narrow molecular weight distribution. It has a globular shape due to 
their highly branched dendrons when the generation is high. Functional groups can be 
attached to the core, branching units or surface groups and therefore, many applications 
have been developed for dendrimers such as drug delivery^, light harvesting^, catalysis"^ 
and molecular sensing，. 





Figure 1.1 General structures of (a) a dendrimer and (b) a dendron. 
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Dendrimers are constructed from AB„ monomers and they are synthesized by 
iterative reaction sequence. In general, there are two synthetic strategies to synthesize 
dendrimers, namely the divergent^ and convergent methods.^®'^  
In the divergent method, dendrimer growth is from the core to the periphery 
(Figure 1.2). The multifunctional core is coupled with excess AB„ monomer, i.e. [Gl] 
dendron, to form a [Gl] dendrimer. Activation of surface functional groups of a [Gl] 
dendrimer followed by coupling with excess [Gl] dendron then gives a [G2] dendrimer. 
This activation-coupling procedure is repeated to give the desired higher generation 
dendrimer. This method allows rapid synthesis of high generation dendrimer. However, 
these dendrimers are not structurally perfect. The number of coupling reaction increases 
rapidly for each generation growth. Even using excess [Gl] dendron and long reaction 
time, there is still a small amount of functional groups that remains unreacted due to the 










Figure 1.2 Divergent method of dendrimer synthesis. 
repeated coupling 
and activation higher generation 
dendrimer 
In the convergent method, dendrimer growth is from the surface to the core 
(Figure 1.3). Dendrons of the desire generation are first synthesized before their 
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attachment to the multifunctional core. Hence, the [Gl] dendrons are added to the 
branching units to give a [G2] dendron, or coupled to the multifunctional core to give 
the [Gl] dendrimer. The focal point of the [G2] dendron is then activated. It is then 
either coupled to a multifunctional core to give a [G2] dendrimer or with a branching 
unit for higher generation dendron synthesis. In contrast to the divergent method, the 
number of coupling reaction is much fewer in each generation growth. The dendrimer 
formed is structurally perfect, which can be separated easily from compounds with 
defects. However, the reaction yield of coupling reaction between the excess dendrons 
and the multifunctional core is greatly reduced as the generation number increases. It is 
hard to join several large dendrons to a small multifunctional core due to steric 
repulsion. Therefore, although this method can produce structurally perfect dendrimers, 
it is only suitable for synthesis of dendrimers with low generation (usually below 8). 
























[G1] dendrimer [G2] dendrimer 
Figure 1.3 Convergent method of dendrimer synthesis. 
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1.2 Dendronized Polymers 
When the concepts of dendrimer and polymer are put together, in which the 
core of the dendrimer is replaced by a polymer backbone, a new kind of 
o 
macromolecules called dendronized polymer will be resulted. As the dendrons are 
attached to the polymer backbone, dendronized polymer can be treated as a subclass of 
comb polymers. For traditional polymers, their conformation depends on the degree of 
polymerization (DP). Polymer will have random coil conformation at high DP, while it 
will exist as an extended structure at low DP. However, in the case of dendronized 
polymers, the conformation will be different. As dendrons are sterically bulky, the steric 
repulsion will lead to a decrease of flexibility of the polymers. Depending on the 
generation of dendrons and the distance between dendrons, the flexibility of the 
polymer will be changed. The shorter the distance between dendrons, the stronger the 
steric repulsion and so the more extended conformation of the polymer will result. 
Similar results will be obtained when the generation of dendron increases (Figure 1.4). 
(a) (b) 
Figure 1.4 Deviation of flexibility of the polymer with (a) no dendrons; (b) [Gl] dendrons; (c) [G2] 
dendrons and (d) [G3] dendrons. 
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In traditional polymer, the diameter of the polymer chain is only a few 
Angstroms. However, once dendrons are attached to the polymer backbone, the 
diameter will be increased to about a few nanometers. As a result, dendronized 
polymers have a nearly cylindrical shape (Figure 1.5). Moreover, the surface and the 
polymer backbone can be modified. This makes the dendronized polymer having 
various applications such as catalysis,9 light harvesting� and electrical conduction 
properties.il 
Figure 1.5 Cylindrical shape of dendronized polymer. 
As dendronized polymer contains both the concepts of dendrimer and polymer, 
its synthesis will therefore combine both the methods of dendrimer and polymer 
synthesis. There are three methods to synthesize dendronized polymers, namely, graft-
from，graft-to and macromonomer method. 
1.2.1 Graft-from Method 
This method is similar to the divergent method in dendrimer synthesis in which 
the multifunctional core is replaced by a polyfunctional polymer backbone. The desired 
[Gn] dendronized polymers are prepared by using [Gl] dendrons for attachment and 
repeating the activation-coupling reaction sequences (Figure 1.6). 
The polymer formed is not structurally perfect which means that there are some 
unreacted functional groups on the surface. Upon generation growth, the dendron size 
increases, which makes the surface more congested. Therefore, the unreacted [Gl] 





















Figure 1.6 Graft-from method of dendronized polymer synthesis. 
cannot contact with the functional groups for reaction. Moreover, in order to ensure high 
degree of coverage for each generation growth, large amount of [Gl] dendron has to be 
used. At the same time, the starting material is a polyfunctional polymer with narrow 
molecular weight distribution, which is not monodisperse. This causes purification more 
difficult as compared to the divergent method in dendrimer synthesis. However, this 
method provides quick synthesis of dendronized polymers. In literature, a number of 
NH V HNT 
5 ” 入 ， Y d 入 
T • CVNH 




Figure 1.7 Some examples of dendronized polymers synthesized by graft-from method.'^ ®''' 
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examples of [G1]-[G4] dendronized polymers synthesis have been reported by using 
divergent method (Figure 1.7) 12 
1.2.2 Graft-to Method 
This method is analog to the convergent method of dendrimer synthesis. The 
desired [Gn] dendrons are prepared and then coupled with the polyfunctional polymer to 









Figure 1.8 Graft-to method of dendronized polymer synthesis. 
The polymers produced do not have defects in dendrons but have defects in the 
polymer backbone, i,e. incomplete coverage of the polymer backbone, especially in 
higher generation dendronized polymers. It is because the polyfunctional polymer has a 
random coil conformation. Some of the functional groups are buried in which they are 
not easily coupled to the large dendrons. Moreover, once the dendrons are successively 
coupled to the polymer backbone, it will become stretched. Then some of the functional 
groups are blocked by the large dendrons and so they become not easily assessable. So 
dendronized polymers produced by this method usually require the use of very efficient 
coupling method. Similar problems in purification will occur as in the graft-from 
method. Using large amount of dendrons to increase the degree of coverage and the 
polydisperse nature of the polyfunctional polymer are the reasons for difficult 
purification. High degree of coverage is more difficult to achieve compared with the 
graft-from method and therefore graft-to method is not common and some examples are 
shown in Figure 1.9. 
sodium ascorbate 
'n CuS04*5H20 
Figure 1.9 Some examples of dendronized polymers synthesized by graft-to method using [G2] 
dendrons." 
1.2.3 Macromonomer Method 
In macromonomer method, the desired [Gn] dendrons are attached to a 
reactive functional group, which is polymerizable to give dendronized polymer. The 
problems encountered in both the graft-from and graft-to methods, i.e. incomplete 
coverage and defects in dendrons, will not occur. The polymers formed will have 100% 
degree of coverage. However, it has a major disadvantage that the monomer is very 
bulky in nature. The dendrons will exert a large negative effect on polymerization 
reactions. For example, the large dendrons may bury the polymerizable groups and 
decrease the mobility of the reactive species. Hence, a decrease in reaction rate will be 
resulted. Finally, oligomeric products or polymers with very high polydispersity index 
will be formed. Although it has the above disadvantages, defects free polymers are 
really attractive to polymer chemists and therefore macromonomer polymerization is a 
- 8 -
more common method. Macromonomer method can be further divided into three groups: 
step growth, chain growth and living chain growth polymerization. 
1.2.3.1 Step Growth Polymerization 
In step growth polymerization, the polymers are produced by stepwise 
reaction between two reactive functional groups of bifunctional species (monomer, 
oligomer or polymer). Two categories of bifunctional monomer can be used for 
polymerization: (a) AB dendronized monomers and (b) pair of AA, BB monomers in 
which at least one of them is dendronized (Figure 1.10), A and B are reactive functional 
groups that can react together. 








Figure 1.10 Step growth polymerization using AB dendronized monomer and pairs of AA, BB 
monomers. 
In order to form high DP polymers, it requires effective coupling of A and B and 
exact stoichiometry of A and B according to Carothers theory�4 Otherwise, low DP 
polymers or even oligomers will be formed. In the pair of AA, BB monomers, exact 
stoichiometry is very difficult to achieve practically, especially if only one of the 
monomers is dendronized. It is because the dendronized monomer has a molecular 
- 9 -
weight much higher than that of another. In addition, coupling of A and B is rather slow 
as the reaction between A and B can be shielded by the dendrons. Blocking is more 
serious in high generation monomer. Therefore, in order to obtain good result, it usually 
requires long reaction time, harsh reaction conditions and efficient coupling reaction. 
AB dendronized monomer is better for step growth polymerization. Intrinsically, it does 
not have the problem of exact stoichiometry as it is already achieved. However, the 
synthesis of such kind of AB monomer is rather difficult and therefore, until now, only 
one example of step growth polymerization using dendronized AB monomers was 
reported] 5a Figure 1.11 shows some examples of macromonomer polymerization. 
0CNHCH2)6~NC0� 
H Dibutyltin acetate 
24 h, rt 
sodium ascorbate, CUSO4 
THF, DMF, H2O 
rt, 4 d 
Figure 1.11 Examples of [G2] dendronized polymers by step growth polymerization.'^ 
1.2.3.2 Chain Growth Polymerization 
In chain growth polymerization, a reactive species, usually radical, is 
generated initially. The reactive species is added to the monomer one by one to give 
reactive oligomeric or polymeric species. The polymer growth is terminated when they 
combine with another reactive species or by disproportionation. In general, olefins and 
acetylenes are common polymerizable moieties (Figure 1.12).^^ In order to form high 
molecular weight polymers, the rate of propagation should be higher than that of 
termination. However，dendrons in the dendronized monomer may exert effect on both 
—10-
propagation and termination. They can shield the reactive site of the oligomeric or 
polymeric species and the polymerizable group of the monomer. The rate of 
propagation and termination will decrease and hence the average molecular weight of 
dendronized polymers varies from case to case. 
iMea SiMea 
6 0 




Figure 1.12 Examples of dendronized monomer for chain growth polymerization.'^ 
1.2.3.3 Living Chain Growth Polymerization 
As stated above, the molecular weight of dendronized polymer produced by 
chain growth polymerization is difficult to predict. If we can remove termination and 
ensure that the initiation is faster than propagation, polymers with narrow molecular 
weight distribution and low polydispersity index (PDI < 1.1) will be resulted with a DP 
value close to the ratio of monomer to initiator concentration. Living chain growth 
polymerization usually involves anions or cations as initiators and further developes 
into several methods: anionic, cationic, ring opening polymerization and ring opening 
metathesis polymerization, etc」？ However, these methods are not widespread as they 
11 -
involve reactive intermediates, catalysts or initiators in which compatibility to other 
functional groups，especially those in the dendrons, are very limited. Some examples of 
macromonomers and its corresponding initiators or catalysts are shown in Figure 1.13.'^ 
initiator: s-BuLi 
� OC12H25 
X 0 r i � ( ^ Z h 
initiator: H 
Mesr^OnvU 
^ (S^  U J n ' 
aC-O-^-CFa ^ ^ catalyst: 
Figure 1.13 Examples of dendronized monomer and initiator or catalyst for living chain growth 
polymerization. 17 
1.3 Supramolecular Polymer 
In traditional polymers the monomeric units are held by the strong covalent 
bonds. In recent years, it has been found that, beside covalent bonds, reversible, 
noncovalent interactions can also be used to join the monomeric units together to form, 
1 o 
so called, supramolecular polymers. Among the available noncovalent interactions, 
polymer chemists usually focus on hydrogen bonding, tt-tt stacking, metal ligand 
interaction and host guest interaction (Figure 1.14). Compared to traditional polymers, 
supramolecular polymers have some features in which the traditional polymers do not 
have. First, for traditional polymers, once the covalent bonds in the polymer backbone 
are broken down, the polymers are destroyed and it cannot be reformed. In contrast, 
supramolecular polymers can be regenerated after breaking down the noncovalent 
interaction and this gives reversibility property. Second, after polymer synthesis, the DP 
—12-
of the traditional polymer is fixed and cannot be changed afterwards except by chemical 
means. For supramolecular polymers, because of the reversibility in binding, they are 
under thermodynamic equilibrium. The DP of polymer is responsive to its environment, 
for example, temperature, concentration, solvent polarity, impurities, etc. Therefore, the 
polymer properties can be adjusted by external stimuli and some potential applications 
have been developed, for example, photo-switching,^^ thermoplastic elastomers严 
91 
electric conductors, etc. 
host guest interaction: PFe' n g 
] c 
r \ r\ 
\ j \ j 
hydrogen bonding: metal iigand interaction: 
TT^n 
Figure 1.14 Some supramolecular polymers formed by hydrogen bonding严 metal ligand interaction^ '^^  
and host guest interaction 30d 
1.4 Supramolecular Dendronized Polymer 
When both the concepts of dendronized polymers and supramolecular 
polymers are combined, it gives a new kind of polymers: supramolecular dendronized 
polymer. They can be divided into two types. The first type is side chain supramolecular 
dendronized polymer in which the dendrons are noncovalently linked to the polymer 
-13 -
backbone. Its formation is very similar to the graft-to method in dendronized polymer 
synthesis in which the covalent bonds are replaced by noncovalent interaction between 
dendrons and the polymer backbone. In the literature, there are only a few examples. 
Jiang et al. reported that [G2] and [G3] Frechet-type dendrons 1 with a carboxylic acid 
group as the focal point that can bind to the poly(4-vinylpyridine) 2 through monovalent 
hydrogen bonding in chloroform (Figure 1.15). The conformation of the polymers 3 
changed from a random coil to a linear chain and then the polymers could self-assemble 
to form vesicle after dendron attachments in chloroform. 
CHCI. 
T 
Figure 1.15 Side chain supramolecular dendronized polymers reported by Jiang:，. 
Stoddart et al synthesized a series of side chain supramolecular dendronized 
polymers 6 by using [G1]-[G3] Frechet-type dendrons 4 with a secondary ammonium 
ion at the focal point and polyacetylene 5 with crown ether units attached (Figure 1.16). 
Under acidic medium, complex was formed between the crown ether units and the 
ammonium ion units via hydrogen bonding, tt-tt stacking and electrostatic interaction 
TFA 
Figure 1.16 Side chain supramolecular dendronized polymers reported by Stoddart 25 
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such that the polymer chain became straightened. When NEts was added, the 
ammonium ion was deprotonated, the dendrons and polymers were separated and a 
random coil structure was regenerated. 
The second type is main chain supramolecular dendronized polymer. Research 
in this kind of polymer is limited and only oligomers were reported. One example was 
reported by Zimmerman, in which the dendronized monomer 7 was linked by metal-
ligand interaction to form oligomer 8 with DP < 12 (Figure 1.17). The low DP value 
was obviously due to the four large [G3] dendrons 
reduced the rate of polymerization. 




Figure 1.17 Main chain supramolecular dendronized oligomer 8 by reported by Zimmerman using metal-
ligand interaction.^ ^ 
Metal-ligand interaction is relatively strong among supramolecular 
interactions and the reversibility is difficult to be controlled by physical means. 
Zimmerman tried to use hydrogen bonding instead of metal-ligand interaction to join 
the dendronized monomers together so that the reversibility character of the polymer 
can be monitored by temperature, solvent, etc. Therefore, [G1]-[G3] Frechet-type 
dendronized monomers 9 were prepared, which contained 4 carboxylic acid groups for 
supramolecular linkage. It was expected that 9 will form polymers 10 in non-polar 
solvents (Figure 1.18).^^ However, the major component was found to be the cyclic 
- 1 5 -
hexamer 11，due to the 1,3 arrangement of the carboxylic acid moieties which made the 
formation of 11 more favourable. 
Figure 1.18 Supramolecular equilibrium of Zimmerman's dendronized monomer? 
Similar situation occurred in another dendronized monomer 12 which was also 
prepared by Zimmerman in which the bifunctional ureidodeazapterin (DeAP) was again 
arranged in 1,3 relationship inside an aromatic ring (Figure 1.19). In this case, 
polymeric component 13 was even not detected and cyclic hexamer 14 was the major 
component. 
Hence, high molecular weight supramolecular dendronized polymers were 
successfully prepared in side chain category. Until now, there is no report on the 
preparation of linear main chain supramolecular dendronized polymers. Both the 
dendron and supramolecular interactions play an important role in the monomer in order 
16 
12 












Figure 1.19 Supramolecular dendronized cyclic hexamer prepared by Zimmerman.^ ^ 
to form high DP polymers. The aim of this thesis is to describe the preparation and 
characterization of bifunctional dendronized [G1]-[G3] monomers which in theory can 
form high molecular weight linear polymers by supramolecular interactions. 
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Chapter 2 - Design of Supramolecular Dendronized Polymer 
In linear supramolecular polymers, the DP of the polymer is determined by the 
initial bifunctional monomer concentration ([M]o) and the strength of supramolecular 
interaction between the monomers, i.e. asscocation constant, Ka. Several models have 
been developed to simulate the supramolecular polymerization and the most common 
one is the isodesmic model.^^ In this model, it is assumed that: (1) the equilibrium 
constants (Ka) of successive addition of monomer are the same. (2) All polymeric 
species are linear (Figure 2.1). 
K2 
A + A ^ • 八 2 
f<3 
八2 + A ， ‘ , As K2 = K 3 = . . . = /<n+i 
Ka 
A3 + A ^ ‘ 八4 
• A is se l f c o m p l e m e n t a r y 
: bifunctional m o n o m e r 
^ n + 1 
An + A ^ An+1 
Figure 2.1 Isodesmic model for supramolecular polymerization of self complementary bifunctional 
monomer. 
By using this model and with the help of the Carother's equation,^^ the DP can 
be theoretically related to Ka and [M]o as shown in the following equation: 
D P - 2 綱 0 
• 1 + 4 聊 ] 0 - 1 (eq.2.1) 
Usually, for a supramolecular polymer, K^ » 1 and the above equation can be simplied: 
DP = (eq. 2.2) 
The corresponding equation was plotted at different [M]o as shown in Figure 
Therefore in order to form a high DP supramolecular polymer, the K^ should be high. 
—18-
From Figure 2.2, we can see that for a supramolecular polymer having a DP value > 100 






10' 102 103 104 10® 106 10' 10® 
Figure 2.2 Theoretical relationship between DP and K^  with various concentrations using isodesmic 
model. 
There are many reported supramolecular polymers using different kinds of non-
covalent interactions, for example, hydrogen bonding,^^ metal ligand interactions,^^ host 
guest interaction，29’3G electrostatic interaction,^' etc. However, if the Ka is too high, the 
polymer formed will resemble to traditional polymers, as the decreased reversibility 
makes the polymer less responsive to the environment. Supramolecular polymers by 
metal ligand interaction are usually treated as traditional polymers as the Ka of the metal 
ligand interaction is high. Their DP and hence their mechanical properties can only be 
changed by chemical means. On the other hand, if the K^ is too weak, oligomers will be 
resulted, 
2.1 Hydrogen Bonding 
Hydrogen bonding is the most common supramolecular interaction for 
supramolecular polymer construction. It is relatively strong and directional. The first 
-19 -
supramolecular polymer was reported by Lehn et al, in which the monomers are linked 
by three hydrogen bonds.^ ^®'^  Subsequently, more supramolecular polymers based on 
single, double, triple and quadruple hydrogen bonds have been r e p o r t e d , 
Supramolecular polymers with more than four hydrogen bonds are rare^^ and difficult to 
synthesize. 
2.1.1 Binary Characters of Hydrogen Bonding 
For a hydrogen bond system, there are hydrogen bond donors (D) and 
hydrogen bond acceptors (A). Table 2.1 shows various dimers formed from different 
number of hydrogen bond. There are two complementary systems developed from the 
binary character of hydrogen bonding: hetero-complementary and self-complementary, 
which eventually lead to three kinds of bifunctional monomer for supramolecular 
polymerization. 








































Complementary hetero self hetero hetero hetero self 
For hetero-complementary hydrogen bond, there are two types of bifunctional 
monomer: (1) pair of AA，BB monomers and (2) AB monomers (Figure 2.3)，where A 
and B are hetero-complementary. Actually, supramolecular polymerization can be 
—2 0 -
Hetero-complementary: 
(1) Pair of AA, BB monomer: 
(2) AB monomer 
Figure 2.3 Hetero-complementary hydrogen bond polymers. 
classified as step growth polymerization as it involves binding of any two bifunctional 
species. The disadvantages of using these monomers for polymerization are similar to 
those in step growth polymerization, in which pair of AA, BB monomers requires exact 
stoichiometry and often gives polymers with low DP. On the other hand, the synthesis 
of pure AB monomer is rather difficult (see Section 1.2.3.1). There are many examples 
of hetero-complementary hydrogen bond mediated supramolecular polymers (Figure 
2.4).22e’38 
� CipH 
r^rsT*** Mv CioHOR ^ 
(2) 
^ ^ 0 M M 
‘—I—：—:—f— 
Figure 2.4 Examples of supramolecular polymers linked with hetero-complementary hydrogen bond 22e, 38 
Only double and quadruple hydrogen bond can give self-complementary dimers, 
as shown in Table 2.1. From self-complementary hydrogen bonding system, only one 
type of monomer is involved in the supramolecular polymerization: CC monomer, 
- 2 1 -
Self-complementary： 
C C monomer: 
I I 
Figure 2.5 Self-complementary hydrogen bond polymers. 
where C is self-complementary. Such monomer has advantages over the other hetero-
complementary monomers as it achieves exact stoichiometry and the synthesis of this 
symmetric bifunctional monomer is rather easy. In non-polar solvents, the monomers 
self-assemble to form supramolecular polymer (Figure 2.5), The most well-known 
quadruple hydrogen bond system is 2-ureido-4[ 1 H\-pyrimidinone (UPy), which was 
used by Meijer to produce high molecular weight supramolecular polymers (Figure 
2.6)严 At the monomer concentration of 0.04 M in chloroform (CHCI3), the DP of the 
polymer was 700. As we are using UPy as the basic hydrogen bonding unit in the 
construction of dendritic supramolecular polymer, the next section briefly describes the 
properties of UPy. 
• g • ^ ^ ^  义C13H27 
^Ci3H27 
Figure 2.6 High molecular weight supramolecular polymer by self-complementary UPy quadruple 
hydrogen bond motif. 
2.2 2-Ureido-4[l/f]-Pyrimidinone (UPy) 
Upy has three tautomeric structures in solutions: 4[l//]-pyriniidinone, 4[3//]-
pyrimidinone, 4-pyrimidinol, as shown in Figure 2.7.36 ^^ pQ^ r^ solvents, such as 
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Figure 2.7 Tautomers and dimers of UPy. 
dimethylformamide (DMF) and dimethyl sulfoxide (DMSO), which are strong 
hydrogen bond competitors, 4[3//]-pyrimidinone was shown to be the predominate form. 
However, in non-polar solvents, it exists in dimeric form, either in DDAA (4[1//]-
pyrimidinone) or DADA (4-pyrimidinol) form. Both forms are quadruple hydrogen 
bonded but have very different stability due to secondary attractive and repulsive 
interactions, as indicated in Figure 2.8. As the number of repulsive interaction of 
DADA dimer is more than that of DDAA, the DDAA dimer is more stable by �lO^， 
which means the K^ value of DDAA arrays should be much higher.^^ 
"A D A •麵 * i • D 
A D D # • • A 
D A A • 
• ^ 
D 
D A D •華 A 
Figure 2.8 Repulsive interactions of DDAA and DADA dimers. 
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Moreover, it was found that substituent Ri and R2 and solvents can affect the 
percentage of DDAA dimer.^^ The result is shown in Table 2.2. In general, CHCI3 is a 
better solvent for high percentage of DDAA dimer formation than toluene. R\ exerts a 
Table 2.2 Percentage of DDAA dimer in iZ-chloroform (CDCI3) and toluene-i/g. 
DDAA dimer 
% of DDAA dimer 
Ri R2 CDCI3 Toluene-i/g 
Me «-Bu >99 Insoluble 
Me t-Bu 97 Insoluble 
«-C,3H27 n-Bu >99 87 
«-C,3H27 t-Bu 96.5 76 
”-Q3H27 Ph >99 98 
”-C 丨 3H27 P-NO2C6H4 >99 Insoluble 
«-C,3H27 /7-NEt2C6H4 >99 97 
Ph «-Bu 87 42 
Ph 'Bu 50 44 
/7-N02C6H4 W-CigHsy 40 Insoluble 
CF3 «-Bu <1 Insoluble 
(C,2H250)3C6H2 «-Bu 87 57 
(C,2H250)3C6H2 Ph 93 77 
(C,2H250)3C6H2 ;7-N02C6H4 >99 >99 
(C,2H250)3C6H2 /?-NEt2C6H4 85 51 
much greater effect on the DDAA dimers percentage. Alkyl groups will favour the 
formation of DDAA dimers (97-99%), while phenyl and electron withdrawing aryl 
groups tend to lower the percentage (40-87%). In comparison, electron donating aryl 
groups promoted the formation of more DDAA tautomers (85-99%). On the other hand, 
R2 seems to affect the percentage of DDAA via steric interaction. For bulky t-Bu group, 
the amount of DDAA is lower as compared to «-Bu and Ph groups. The dimerization 




hydrocarbon dendron Newkome-type dendron Frechet-type dendron 
Ri = CH3 
R2 = [G1HG3] dendron, 
only [G1] is shown 
A^dim (M"'), (% of DDAA dimer) 
Dendron Fr6chet-type Newkome-type Hydrocarbon 
[Gl] >2 X 107，（>99) >10', (86) >10', (90) 
[G2] >2 X 107，(>99) >10', (99) >10'’ (90) 
[G3] >2 X 107，（>99) 2.6’ (2") >10', (90) 
Solvent: CDCI3； temperature: 25 °C; a: others are monomer. 
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constants (i^ dim) were found to be about 10^  NT* and 10^  NT* for DDAA and DAD A 
dimer respectively. Hence, in order to form high DP supramolecular polymers, it is 
better to ensure that the percentage of DDAA form in solution is much higher than 
DADA, as the former has a stronger binding constant. 
2.3 Effects of Dendrons on Dimerization Constant of UPy 
Synthetically, it is most easy to introduce a dendritic structure at the R2 
position of UPy, hence the effects of dendrons substitution on dimerization constant and 
percentage of DDAA dimer was all investigated at the R2 position. Kaifer et al?^ and 
our group40 synthesized three series of UPy with three types of [G1]-[G3] dendrons 
attached. The i^ dim and the percentage of DDAA were studied and the results are shown 
in Table 2.3. Newkome-type oligoamide dendritic UPys give reasonable dimerization 




constants and high abundance of DDAA dimer for [Gl] and [G2]. However, the A^dim 
were greatly reduced for [G3] Upy. This was due to the [G3] Newkome-type dendron 
which gave a very polar microenvironment that weakened the binding of quadruple 
hydrogen bond between UPys. However, the predominant species was still the DDAA 
tautomer. 
On the other hand, both Frechet-type and hydrocarbon UPy series give high Kum 
for all three generations, which indicates that steric effect due to dendron is relatively 
unimportant, at least in the case of lower generation dendrons. Frechet-type and 
hydrocarbon dendrons provide a non-polar microenvironment which maintains high 
binding ability of UPy and therefore both of them are suitable candidates for the 
preparation of supramolecular dendronized polymers. The slightly lowering of the 
percentage DDAA dimer in the hydrocarbon dendron could be rationalized by the 
slightly larger steric effect of the sp^ hybridized branching centre, versus the sp^ 
hybridized branching centre in the Frechet series. Although Frechet-type dendrons are 
more suitable as its corresponding UPy gives nearly 100 % DDAA arrays in CHCI3, it 
was not chosen due to synthetic problems which will be discussed in Chapter 3. Hence, 
hydrocarbon dendrons were used in this study in the construction of the supramolecular 
polymers. 
2.4 Target Supramolecular Dendronized Polymers 
Figure 2.9 shows the structures of [G1]—[G3] bifunctional dendronized 
monomers 15-17 which are expected to self-assemble in non-polar solvents to give 
supramolecular dendronized polymers. It contains two quadruple hydrogen bonding 
units arranged in 1,4-position, which can ensure linearity of the polymer formed. 
Formation of cyclic oligomers is rather difficult when the two UPy units are in such 
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arrangement. Their synthesis，characterization, supramolecular and related properties 
will be described in the next two chapters. 
=[G1HG3] 
hydrocarbon dendrons 15, [G1] 16, [G2] 
Figure 2.9 [G1]—[G3] bifunctional dendronized monomers 15-17 
17, [G3] 
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Chapter 3 - Synthesis and Characterization of Supramolecular 
Dendronized Polymers 
3.1 Retro-Synthesis 
The [G1]-[G3] bifunctional dendronized monomers 15-17 contain three parts: 
a central core, two hydrocarbon dendrons and two UPy quadruple hydrogen bonding 
units. The synthesis began with the attachment of dendrons to the central aromatic core, 
followed by the addition of the UPy moieties (Figure 3.1). The [G1]-[G3] dendritic 
alcohols 18-20, which were prepared by our group recently，^^  were converted to 
corresponding acetylenes 27-29 by Swem oxidation"^^ followed by Corey-Fuchs 
reaction.43 The acetylenes were then coupled to a ditriflate 31 by Sonogashira 
reaction.44 j^^q triple bonds were then saturated and the ester groups were hydrolyzed to 
give diacids 38-40. The carboxylic acids were converted to di(acylazides) and then 
underwent Curtius rearrangement'^^ to give diisocyanates 42-44, which were coupled 
with 6-methylisocytosine 45 to give the target compounds. 
18-20 
16-17 4 2 - 4 4 38 -40 
Figure 3.1 Retro-synthesis of [G1]-[G3] bifunctional dendronized monomers. 
3.2 Synthesis of [G1]-[G3] Bifunctional Protected Monomers 
The [Gl]-bifunctional dendronized monomer 15 was prepared from the 
known [Gl]-alcohol IS*! (Scheme 3.1). Using the Swem protocol, the [Gl]-alcohol 18 
28 
was oxidized to aldehyde 21，which was then immediately converted to [Gl]-dibromide 
24 by treatment with CBr4 and PPh] in an overall 64% yield in two steps. [Gl] -
acetylene 27 was generated in 92% yield by reacting compound 24 with /7-butyl lithium 
(«-BuLi). The ditriflate 31’ which was prepared from diethyl 2,5-dihydroxyterephthalate 
30 using a literature procedure ,was coupled to two equivalents of the acetylene 27 to 
give the acetylenic [Gl]-diester 32 in 85% yield under (PPh3)2PdCl2-catalyzed 
Sonogashira reaction. The C=C bonds were then hydrogenated using palladium black as 
the catalyst in tetrahydrofuran (THF) and ethanol to afford a saturated [Gl]-diester 35 
in 99% yield. Finally, the ester groups were hydrolyzed with potassium hydroxide 
(KOH) to give [Gl]-diacid 38 in 99% yield. 
Scheme 3.1 Synthesis of [Gl]-diacid 38. 
The [Gl]-diacid 38 was then reacted with diphenyl phosphorazidate (DPPA) 
and triethylamine (NEta) to give di(acylazides) 41 in toluene (Scheme 3.2). Curtius 
rearrangement was promoted by heating the mixture at 120 °C to generate diisocyanate 
42 in situ. The diisocyanate was then allowed to react with 6-methylisocytosine 45. 
However, we experienced some synthetic problems during the coupling the coupling 
reaction between diisocyanate 42 and compound 45. First, compound 45 is only 
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15 
Scheme 3.2 Original synthetic scheme for [Gl] -bifunctional dendronized monomer 15. 
soluble in highly polar solvents such as DMF, DMSO, methanol (CH3OH). On the other 
hand, the diacid 38, the precursor of diisocyanates 42, has a relatively low solubility in 
these polar solvents due to the present of the non-polar dendrons. Therefore, it was hard 
to find a suitable solvent for both compounds. Second, the amine group in compound 45 
has low nucleophilicity, and hence harsh conditions and long reaction time were 
required to force the reaction. Third, the monocoupled product, .which was a chain 
stopper, is very difficult to be separated from the bifunctional target compound 15, as 
they interact strongly through quadruple hydrogen bonds. The presence of the chain 
stopper will greatly limit the DP of the supramolecular polymers by the equation: DPmax 
=2/x，where x is the percentage of chain stopper.^ ^® 
In order to solve the problem stated above, we proposed to use an 0-benzyl 
protected compound 46 for coupling with the diisocyanates 42 (Figure 3.2). Using this 
protected compound has several advantages: (1) It has better solubility in many 
common organic solvents. (2) The nucleophilicity of the amine group is enhanced. (3) 
After coupling reaction with the diisocyanate 42-44, the monocoupled product, if 
present, can be easily separated from the doubly coupled target compound 48-50. (4) 
30 
CyV^Bh 叉 3 
15-17 48-50 
Figure 3.2 Modified synthetic route of [G1]-[G3] bifunctional dendronized polymers. 
42-44 
The benzyl groups in compound 48-50 can be cleanly removed by hydrogenation in 
high yield to give the final products 15-17. Therefore, this modified synthetic route was 
used for synthesis of our [G1]-[G3] dendronized supramolecular polymers. It should 
also be mentioned here that Frechet type dendron cannot be used in our design as the 
synthetic route involves hydrogenation, which will cleave the benzyl ether linkage. 
The O-benzyl protected compound 46 was prepared from 6-methylisocytosine 
45. It was known that compound 45 existed in 3 tautomers as shown in Figure 3.3. 45tl 
and 45t2 are the two major tautomers while 45t3 is the minor one. Therefore, heating 
compound 45 with potassium carbonate (K2CO3) and benzyl bromide (BnBr) gave only 





Figure 3.3 Tautomers of 6-methylisocytosine 45. 
low yield (29%) of compound 46. Alternatively, compound 46 could be prepared in 
72% yield by heating a mixture of benzyl alcohol (BnOH)，sodium hydride (NaH) and 
2-amino-4-chloro-6-methylpyrimidine 47 in DMF using a literature procedure 47 
-31-
Subsequent coupling of compound 46 with the diisocyanates 42 afforded the doubly 
protected [Gl] monomer 48 in 61% yield (Scheme 3.3). 
9H3 9H3 
NaH. BnOH 
1)DPPA. NEta, Toluene, rt^ 
；OOH 2) 46, reflux 
(61%) 
38 入 48 
Scheme 3.3 Synthesis of 0-benzyl protected compound 46 and doubly protected [Gl] monomer 48. 
Using the similar reaction sequence, [G2]—acetylene 28 could be prepared from 
[G2]—alcohol 19 in overall 75% yield in 3 steps (Scheme 3.4). It was coupled to 
compound 31 under the Songashira condition to give acetylenic [G2]-diester 33, which 
was then hydrogenated and subsequently hydrolyzed to give [G2]-diacid 39 in overall 
Scheme 3.4 Synthesis of [G2]-bifunctional protected monomer 49. 
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88% yield. The [G2]-bifunctional protected monomer 49 was prepared by reacting 
[G2]-diacid 39 with DPPA and NEts followed by reacting the in situ generated 
diisocyanates with compound 46 in toluene in 69% yield. 
For the synthesis of [G3]-bifunctional protected monomer 50, the reaction 
sequence was similar (Scheme 3.5). Starting from [G3]-alcohol 20, Swem oxidation 
and Corey-Fuch reaction were carried out to give [G3]—acetylene 29 in overall 76% 
yield. Through Sonogashira reaction, [G3]-acetylene 29 was attached to the central core 
31 to give acetylenic [G3]-diester 34 in 50% yield. The triple bonds were saturated to 
give the saturated [G3]-diester 37 in 92% yield. However, the esters groups resisted 
23 R = CHO 
26 R = CH=CBr2-
29 R = O C H 
.CH2CI2. 
EtOOCy^Tf 29, (Ph3P)2PdCl2, Cul 
TfcA^OOEt EtjN.DMF.THF 
31 
2) 46, reflux, (49%) 
Scheme 3.5 Synthesis of [G3]-bifiinctional protected monomer 50. 
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hydrolysis by using KOH. It was probably due to the low solubility of compound 37 in 
the reaction medium (THF, ethanol and H2O). However, a mixture of potassium t-
butoxide (r-BuOK), H2O and THF'^ ^ could cleave the ester groups to give [G3]-diacid 
40 in 98% yield. The [G3]-diacid 40 was then reacted with DPPA and NEts at room 
temperature and then coupled to compound 46 at refluxing condition to give [G3]-
bifunctional protected monomer 50 in 49% yield. 
3.3 Characterization of Intermediates 
Up to this stage the preparations of the [G1]-[G3] 0-benzyl protected 
bifunctional monomers were achieved. The next and pivotal step would be the 
hydrogenolysis of the two 0-benzyl functionalities to release the di-UPy dendritic 
monomers. As this reaction will be monitored by ^H nuclear magnetic resonance (NMR) 
spectroscopy and will be discussed in the next section, hence, we wish to describe the 
characterization of all the intermediates first. 
All new synthetic compounds were fully characterized by 'H and '^C NMR 
spectroscopies and high-resolution mass spectroscopy (HRMS). In addition, all 
dendritic compounds were further characterized by size exclusion chromatography 
(SEC). 
3.3.1 1h NMR Spectroscopy 
The 0-benzyl protected pyrimidine derivative 46 was characterized by methyl 
protons signal at 5 2.26，the benzylic protons at 5 5.31 and the pyrimidyl proton at 5 
6.00. The aromatic proton signals give a multiplet at 5 7.3—7.4. 
The protons belonging to the hydrocarbon dendron resonate at two upfield 
regions: 5 0.7-1.7 and 5 2.2-3.2. The former region corresponds to protons of the 
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skeleton of the dendron and the latter region corresponds to those attached to the focal 
point functionality: benzylic protons {ArCHj, 5 2.5-3.2)，allylic protons (C//CH=C, 5 
2.2-2.5) and methine protons attached to alkyne {CHC = C, 6 2.1-2.4). In principle, the 
two methyl protons of the isopropyl group on the dendron surface ((C//3)2CH) should 
be chemically nonequivalent due to their different spatial orientation in the 
conformers.5i They should therefore give two doublets in the range of 6 0.75-0.95 with 
coupling constant J = 6.6 Hz. However, in some case, only a doublet was observed (e.g. 
[Gn]-diacids 38-40) as these protons cannot be resolved. 
The [GnJ-dibromides (24-26) was easily characterized by the doublet at about 
5 6.1 with a coupling constant of J = 9.8-9.9 Hz which corresponds to the vinyl protons. 
For the [Gn]-acetylenes (27-29), it was also easily characterized by the presence of a 
doublet with chemical shift of about 6 2.04 and a long range coupling constant of about 
2.3 Hz. The chemical shifts of these signals were nearly independent of the generation. 
After coupling of the two dendritic acetylenes to the central aromatic core 31, 
the acetylenic proton signal disappears. Instead, a singlet aromatic signal (6 -7.9), a 
multiplet methine signal due to the propargylic H (5 -2.5) and a quartet (6 -4.4) and a 
triplet (5 �1 .4 ) ester signals appear, which are the characteristic peaks of the acetylenic 
[Gn]-diesters (32-34) (Figure 3.4). The triplet methyl proton signals due to the ester 
group in the product are partially overlapped with the signals of the hydrocarbon 
dendron. The triplet signal is prominent in [Gl] but its intensity is reduced in higher 
generation compounds. Hydrogenation of the acetylenic [Gn]-diesters saturate the triple 
bonds, in which the methine protons signals at about 5 2.5 disappeared and the benzylic 
proton signal appeared at about 5 2.9 in the saturated [Gn]-diester (35-37). When the 
ester groups were hydrolyzed, the product [Gn]-diacids (38-40) was easily 
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Figure 3.4 Stacked 'H NMR spectra (300 MHz) ofacetylenic [Gn]-diesters in CDCI3. 
characterized by a broad singlet carboxylic acid proton signal near the downfield region 
(5 9.0—13.5); incidentally, the signals due to the ethyl ester disappeared. 
After the reaction with DPPA and NEts in toluene and then compound 46，the 
H3 pyrimidyl 
a —CHi 
11.00 7.50 7.00 6.50 6.00 5.50 5.00 4.50 4.00 3.50 3.00 2.50 2.00 
Figure 3.5 Stacked 'H NMR spectra (300 MHz) of [Gn]-biftinctionaI protected monomer in CDCI3. 
36 
[Gn]-bifunctional protected monomers (48-50) were readily diagnosed by the signals 
correspond to the pyrimidine nucleus: Ph, Hg, Hb and pyrimidyl-CHa (Figure 3.5). The 
two urea N-H protons resonate at about 6 11.2 and 7.2. The downfield signal was the 
one with an intramolecular hydrogen-bonded (Hd). 
3.3.2 13c NMR Spectroscopy 
The 0-benzyl protected pyrimidine derivative 46 was characterized by the 
methyl (6 23.6) and benzyl carbon signal (6 67.4). The aromatic phenyl carbons (C5-C8) 
resonate at about 5 128-137 (Figure 3.6). There should be four carbon signals but only 
three were observed. It could be rationalized that two of the signals might have very 
close chemical shifts and were not resolved. For the heterocyclic pyrimidyl carbons 
(C1-C4), three of them resonate at 5 162-171. The amino and the benzyloxy 
functionalities, which are electron donating, increase the electron density at the C4 
position as they are at para and ortho positions. Hence C4 gives the signal at a 
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Figure 3.6 Downfield region of '^ C NMR of spectrum (75 MHz) of 0-benzyl protected compound 24 in 
CDCU. 
All dendritic compounds contain hydrocarbon dendrons, which are composed of 
sp hybridized carbon atoms. Their chemical shifts are therefore located at the upfield 
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region (5 20-40). The two methyl carbon atoms in the isopropyl group ((CH3)2CH) are 
chemically nonequivalent. The reason is the same as in the case of the nonequivalent 
methyl protons in isopropyl group in ^H NMR. They therefore give two peaks at about 5 
22. As in some cases, the signals of two carbon atoms cannot be resolved, which leads 
to one peak only. 
The [Gn]-dibromides (24-26), [Gn]-acetylenes (27-29) and acetylenic [Gn]-
diesters (32-34) were easily characterized by the chemical shifts of the two sp or sp^ 
hybridized carbon signals as shown in Table 3.1. The chemical shifts do not vary a lot 
with the different generations. The relative peak intensities could be used to 
differentiate the tertiary and the quaternary carbons in dibromide and acetylene series. 
Proton nucleus can help to relax the excited carbon nucleus attached so that the tertiary 
carbon nucleus can be excited more times to give a higher intensity. Therefore, the CI 
in dibromide and C2 in acetylene nuclei give higher ^^ C signal intensity than the other 
carbon nuclei. However, the intensity differences become very small for the higher 
generation derivatives as the relative abundance of these carbons atoms becomes 
Table 3.1 '^ C NMR chemical shifts of dendritic dibromides, acetylenes and acetylenic diesters. 
[Gn]-dibromide [Gn]-acetylene acetylenic [Gn]—diester 
5(P pm) 5 (ppm) 5(P pm) 
dibromide CI C2 acetylene CI C2 acetylenic diester CI C2 
[Gl]24 143.9 87.9 [Gl]27 88.1 69.2 [Gl]32 79.7 101.7 
[G2] 25 143.8 88.0 [G2] 28 88.3 69.2 [G2] 33 79.8 101.6 
[G3]26 143.9 87.9 [G3] 29 88.4 69.1 [G3] 34 79.7 101.7 
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smaller as compared to the carbon atoms of the dendritic skeleton. 
After hydrogenation, the alkyne carbon signals, i.e. 5 80 and 102，disappeared. 
After hydrolysis, the signals correspond to the ethyl ester (6 14 and 61) also disappeared 
for the [Gn]-diacids (38-40). 
After transformation to the [Gn]-bifunctional protected monomers (48—50)，the 
urea carbonyl carbon (C5) signal is in the same region (5 150-175) as that of the carbon 
signals of the heterocyclic ring (C1-C3) as shown in Figure 3.7. The pyrimidyl methyl 
carbon resonates at about 6 29.3 —29.4, which is in the region of the hydrocarbon 
dendron signals. Both the phenyl carbons and the central aromatic carbons give signals 
in the region of 6 125-136. The chemical shifts of these carbons are independent to the 
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Figure 3.7 Stacked '^ C NMR spectra (75 MHz) of [Gn]-bif\znctional protected monomers (48-50) in 
CDCL. 
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3.3.3 Mass Spectroscopy 
All new compounds were also characterized by mass spectroscopy and high 
resolution mass spectroscopy. The experimental values agreed well with the theoretical 
values and were shown in Table 3.2. 
Table 3.2 High resolution mass spectral data of the new compounds. 
Compound Generation molecular ion peak Theoretical value Experimental value 
Compound 46 — M + H+ 216.1131 216.1130 
Dibromides [Gl]24 M+ 340.0219 340.0216 
[G2] 25 M +Ag+ 699.2094 699.2069 
[G3] 26 M + Ag+ 1205.7730 1205.7761 
Acetylenes [Gl]27 M - H + 179.1794 179.1789 
[G2] 28 M +Ag+ 539.3740 539.3719 
[G3] 29 M + Ag+ 1045.9387 1045.9374 
Acetylenic diesters [Gl]32 M + Na+ 601.4238 601.4247 
[G2] 33 M+Na+ 1105.9861 1105.9866 
[G3] 34 M + Na+ 2116.1164 2116.1180 
Saturated diesters [Gl]35 M + Na+ 609.4864 609.4860 
[G2] 36 M + Na+ 1114.0487 1114.0419 
[G3] 37 M + Na+ 2124.1789 2124.1760 
Diacids [Gl]38 M + Na+ 553.4227 553.4265 
[G2] 39 M + Na+ 1057.9861 1057.9866 
[G3] 40 M + Na+ 2068.1163 2068.1261 
Bifunctional protected 
monomers 
[Gl]48 M + Na+ 977.6362 977.6367 
[G2] 49 M + H+ 1461.2198 1461.2208 
[G3] 50 M + Na+ 2492.3286 2492.3263 
3.3.4 Size Exclusion Chromatography (SEC) 
Size exclusion chromatography (SEC) is an analysis method in which the 
number-average molecular weight (Mi), weight-average molecular weight (Mw) and the 
polydispersity index (PDI) of a polymer can be found by calibration with a series of 
known narrow molecular weight distribution polystyrene standards. The retention time 
is determined by the hydrodynamic volume of the polymer in the eluent. The larger the 
hydrodynamic volume of the polymer, the weaker the interaction of the packing 
material of the SEC column it is and the polymer will be eluted out quicker. As 
dendrimers are monodisperse macromolecules, its monodispersity can be examined by 
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SEC analysis. However, it is often inaccurate to determine the Mn and Mv for 
dendrimers their hydrodynamic volumes are very different from those of the linear 
polystyrene standards. The Mi, Mw, PDI, retention time (Ri) as well as the theoretical 
molecular weight (MW) of the new dendritic molecules are shown in Table 3.3. Their 
PDI values are all below 1.04, which indicates that they are of high homogenity. 
Table 3.3 SEC result of the dendritic compounds. 
Compound Generation Theoretical 
MW (g/mol) 
R, (min) K (g/mol) Mv (g/mol) PDI 
Dibromides [Gl]24 340 37.01 199 202 1.02 
[G2] 25 699 34.45 647 651 1.01 
[G3] 26 1206 32.37 1510 1520 • 1.01 
Acetylenes [Gl]27 179 37.20 184 186 1.01 
[G2] 28 539 34.52 621 627 1.01 
[G3] 29 1046 32.32 1516 1533 1.01 
Acetylenic 
diesters 
[Gl]32 601 34.00 846 860 1.02 
[G2] 33 1106 31.99 1740 1786 1.03 
[G3]34 2116 30.31 3128 3155 1.01 
Saturated 
diesters 
[Gl]35 609 33.89 850 855 1.01 
[G2] 36 1114 31.92 1617 1634 1.01 
[G3] 37 2124 30.25 2757 2772 1.01 
Diacids [Gl]38 553 34.10 706 727 1.03 
[G2] 39 1058 31.99 1544 1555 1.01 




[Gl]48 978 32.97 1145 1152 1.01 
[G2] 49 1461 31.62 1760 1771 1.01 
[G3] 50 2492 30.22 2797 2858 1.02 
Solvent: THF; temperature: 40 °C 
3.4 Deprotection of [G1�-[G3� Bifunctional 0-benzyl Protected Monomers 
In order to form the supramolecular dendronized polymers 15-17, the two 
protective O-benzyl groups have to be deprotected in bifunctional O-benzyl protected 
monomers 48-50. However, there are two fundamental, inherent synthetic challenges 
associated with the preparation of supramolecular polymers using this bifunctional 
monomer approach. First, one has to ensure that the hydrogenolysis of the two 
protective O-benzyl groups can go to 100% completion to generate the di-UPy 
monmers. If only one of two O-benzyl groups is deprotected, the resulting mono-UPy 
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compound will serve as a supramolecular polymer chain stopper that can lower the DP 
value of the resulting supramolecular polymer. Second, once the hydrogenolysis has 
gone to certain extent, there will be significant amounts of the mono-UPy and di-UPy 
present, together with the supramolecular oligomers or polymers formed from these two 
species. Under this circumstance, one has to maintain good solubility of supramolecular 
oligomers or polymers in the reaction medium. If precipitation occurs during 
hydrogenolysis, the mono-UPy unit located at the polymer chain end(s) will have 
difficulties to undergo further hydrogenolysis due to phase separation. This will also 
limit the DP values of the supramolecular polymers. This precipitation problem is 
particularly acute for rigid rod shape supramolecular polymers such as those described 
in this thesis. In principle, the second problem could be alleviated by adding some 
hydrogen bond donor or acceptor solvents such as acetic acid or ethanol in the reaction 
medium, which can reduce the extent of supramolecular oligomers or polymer 
formation and at the same time, can improve the solubility of the highly polar di-UPy 
monomer. 
We then carried out the hydrogenolysis of the [Gl] and [G2] protected 
bifunctional monomers 48—49 in THF in the presence of palladium on charcoal or 
palladium black (Scheme 3.6). We found that removal of the first 0-benzyl group was 
very fast and resulted in the formation of dimers 51-52. However, subsequent removal 
of the second 0-benzyl group proceeded slowly and gradually led to the formation of 
insoluble oliogmeric species, which made the solution cloudy. At this point the reaction 
could not proceed further and the hydrogenolysis was partially completed. This was 
particularly problematic with the [Gl] and [G2] series, as they lacked larger 
hydrocarbon dendrons to enhance their solubility. We also tried to add ethanol or acetic 
acid into the mixture in order to break down the UPy quadruple hydrogen bonding 
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Pd-C, H2 precipitatioin of supramolecular 
THF, ethanoi oligomers or polymers 
48-49 
51—52 
Scheme 3.6 Hydrogenolysis trial for [Gl] and [G2] bifunctional protected monomers 
catalytic Pd-C in THF and ethanoi at 25 °C. 
using 
interactions but the problem still persisted. It was difficult to monitor the extent of the 
reaction by thin layer chromatography as significant tailing was observed. The 
precipitated [Gl] and [G2] oligomers could not be re-dissolved in most solvents and 
their characterizations were impossible in the solution state. 
In order to monitor the reactions, the hydrogenolysis of the [Gl] and [G2] 
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Figure 3.8 Stacked 'H NMR spectra (300 MHz) of debenzylation reaction of (a) [Gl] and (b) [G2] 
bifunctional protected monomers in CDClsiCDsOD (v/v = 10:1). 
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charcoal (Pd(0H)2-C) in CDCI3 and ^/�-methanol. Under this reaction conditions, no 
precipitate was formed and the extent of the reaction could be monitored by NMR 
spectroscopy.49 The disappearance of the benzylic CH2 proton (Hb) signal at about 5 5.3 
indicated the completion of the debenzylation (Figure 3.8). Both the pyrimidyl proton 
(Ha) and the aromatic proton were shifted upfield. The benzyl group was removed to 
form toluene and so the toluene proton signals were observed. For [G3] debenzylation, 
the reaction was also monitored by proton NMR spectroscopy. Instead of using 
deuterated solvents, distilled CHCI3 and CH3OH were used for the reaction as the 
product can be re-dissolved in common solvents. Table 3.4 shows the reaction yield and 
the solubility property of the product after precipitation. 
Table 3.4 Reaction yield and the solubility of dendronized di-UPy monomer 15-17. 
Dendronized di-UPy monomer [Gl] 15 [G2] 16 [G3] 17 
Yield (%) 74 80 81 
Solubility Sparingly soluble in DMF 
and DMSO 




3.5 Characterization of [G1]-[G3] Bifunctional Dendronized Monomers 
After the reaction, the [Gn] bifunctional dendronized monomers 15-17 were 
purified by precipitation in CH3OH for [Gl] and [G2] compound and in ethyl acetate 
(EtOAc) for [G3] compound, 
3.5.1 Characterization of [Gl] Dendronized Di-UPy Monomer 
The [Gl] dendronized di-UPy monomer 15 could only be characterized by 
proton NMR spectroscopy and mass spectroscopy. It is insoluble in non-polar solvents 
and has very poor solubility even in very polar solvents, such as DMSO and DMF. 
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Therefore, NMR spectroscopy could only be conducted in d^-DMSO in diluted solution 
(0.65 mM) (Figure 3.9). As discussed in Section 2.2, the UPy was in monomeric 4[3H]-
pyrimidinone form in DMSO, in which the intramolecular hydro gen-bonded proton 
resonated at the most downfield region (-11.2) and the remaining two urea protons gave 
signals at 5 9.5-10.2. If these protons were hydrogen-bonded, the corresponding 
chemical shift should be much greater. Upon heating to 150°C, the product decomposed 
as the signals corresponding to the 6-methylisocytosine 45 were observed (Figure 3.9(b) 
and (c)). The decomposition of the compound 15 could be rationalized by nucleophilic 
attack of residual water molecule to the urea moiety and hence the compound 45 
disconnected from the product. 
12.0 11.0 10 0 9.0 8.0 7.0 6,0 5.0 4.0 3.0 2.0 1.0 0 0 
Figure 3.9 Stacked NMR spectra (300 MHz) of (a) [Gl] biftinctional dendronized monomer 15 (0.65 
mM) at 25 °C； (b) [Gl] biftinctional dendronized monomer 15 (60 mM) after heating to 150 °C and (c) 6-
methylisocytosine 45 at 25 °C in c4-DMS0. 
The purified [Gl] di-UPy monomer 15 could be characterized by matrix-
assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF-
- 4 5 -
MS). The experimental molecular weight matched with the theoretical value (Table 3.5). 
However, no peaks for oligomeric aggregates were observed. As compound 15 was 
only soluble in very polar solvents, in monomeric states, no further characterization 
could be carried out and we were unable to study its supramolecular polymeric 
properties. 
3.5.2 Characterization of [G2] Dendronized Di-UPy Monomer 
As the [G2] dendronized di-UPy monomer 16 was insoluble in any solvents 
once precipitated from CH3OH, characterization could only be done during the reaction 
solution. The proton NMR has already been shown in Figure 3.8. The reaction solution 
was also directly run for the MALDI-TOF-MS and the result matched with the 
theoretical value (Table 3.5). However, if a solid sample was analyzed by the MALDI-
TOF-MS, no molecular ion peak could be found. It was probably due to the insolubility 
of the compound 16. No further characterization could be done. 
Table 3.5 High resolution mass spectral data of [G1]-[G3] dendronized di-UPy monomer 15-17. 
[Gn]-dendronized di-UPy 
monomer 
Molecular ion peak Theoretical value Experimental value 
[Gl] 15 M + Na+ 797.5412 797.5420 
[G2] 16 M + H+ 1280.1227 1280.1243 
[G3] 17 M + Na+ 2312.2347 2312.2375 
Both [Gl] and [G2] bifunctional dendronized monomers have similar solubility 
problems. They were soluble in the reaction medium but once the solvents were 
removed, the solid formed was hard to re-dissolve in the solvents again. In CHCI3 and 
CH3OH as the reaction solvents, they were in monomeric form as the very polar 
CH3OH prevented the formation of the hydrogen bonded polymeric species. 
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3.5.3 Characterization of [G3] Supramolecular Dendronized Di-UPy Polymer 
In sharp contrast to the [Gl] and [G2] analogs, the [G3] supramolecular 
dendronized polymer 17 was soluble in common non-polar solvents such as CHCI3, 
hexane, toluene, etc. Therefore, it could be characterized by NMR in pure CDCI3. 
Figure 3.10 shows the ^H NMR of compound 17 at 8.7 mM. Some notable features 
were observed: (1) The downfield signals at 5 10-14 corresponded to the hydrogen-
bonded N-H protons were observed. This means that the monomeric units are 
hydrogen-bonded to form the polymeric species. (2) All the peak signals are broadened, 
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Figure 3.10 H NMR spectrum (400 MHz) of [G3] supramolecular dendronized polymer 17 in CDCI3 
(8.7 mM). • and • indicate the peaks of DDAA and DADA species respectively. 
were observed, which correspond to the 4[l//]-pyrimidinone DDAA and 4-pyrimidinol 
DADA tautomeric structures. The dominant species could be assigned as the 4[1//]-
pyrimidinone in which the pyrimidyl proton resonates at 5 5.8. The peak at 5 6.2 with a 
lower intensity was the pyrimidyl proton of 4-pyrimidinol.^^ Their relative peak areas 
were used to calculate the relative amount of DDAA and DADA tautomeric species in 
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CHCI3. It was found that the amount of DDAA and DADA forms was in a 3:1 ratio. 
The percentage of DADA form was quite large, which can be explained by the 
microenvironment effect. The two large hydrocarbon dendrons provide a very non-polar 
microenvironment which favours the formation of the DADA tautomer as it is relatively 
less polar than the DDAA tautomeric form.^^ This low percentage of DDAA suggested 
that the binding strength of the monomer was weakened. 
The 13c NMR spectroscopy was also obtained for the polymer 17 in CDCI3. 
However, due to the polymeric nature, the peaks are also broadened and the aromatic, 
the heterocyclic and pyrimidyl-methyl carbons give very weak signals. One has to 
magnify the spectrum in order to observe some signals but they are still not sharp 
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Figure 3.11 '^ C NMR spectrum (400 MHz) of [G3] supramolecular dendronized polymer 17 (52.4 mM) 
in CDCI3. 
The polymer 17 was also analyzed by MALDI-TOF-MS. The molecular ion 
peak matched with the theoretical value (Table 3.5). However, no peak due to 
oligomeric species was observed in the spectrum. The polymer was also subjected to 
size exclusion chromatography (SEC) analysis in THF at 40 For supramolecular 
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polymers, they are dynamic in solution. SEC usually cannot be used to find their 
molecular weight as when the polymer sample is injected in the column, the 
concentration of the sample will change continuously due to the flow of the eluent. In 
our case, a sharp peak was formed with polydispersity of 1.01, which indicated the 
polymer dissociated into monomer individual under the column conditions (Figure 3.12). 
2 . 5 
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Minute 
Figure 3.12 SEC diagram of [G3] supramolecular dendronized polymer 17 in THF at 40 °C. 
3.6 Conclusion 
The [G1]-[G3] bifunctional dendronized monomers 15-17 were synthesized. All 
reaction intermediates and the [G3] supramolecular dendronized polymer 17 were fully 
characterized by ^H and '^C NMR and HRMS. Compound 15 and 16 could only be 
partly characterized due to their poor solubility properties. The supramolecular and 
related properties of [G3] supramolecular dendronized polymer 17 were investigated in 
the next chapter. 
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Chapter 4 - Properties of Supramolecular Dendronized Polymers 
For traditional polymers, the DP of the polymers can be determined by several 
methods, for example, SEC, vapour pressure osmometry (VPO), end-group analysis by 
titration or NMR spectroscopy, etc. However, in the case of supramolecular polymers, 
the polymers are dynamic in solution, in which the monomers are associating and 
dissociating from the polymer main chain. The DP is concentration, temperature and 
solvent dependent. This usually can be estimated by VPO analysis but the estimated 
value depends on the choice of the calibration standard used.^ ® SEC is not a good 
method because when the polymer sample is injected into the column, the concentration 
of the sample will change continuously due to the flow of the eluent and the result will 
be inaccurate. End group analysis by titration is impossible as the process will perturb 
the equilibrium. The fast binding and dissociation of monomers cause the detection of 
individual species with difficulties in the NMR time scale and hence the end group 
signals are hard to detect. Instead of determination of their exact molecular weight 
under a specified condition, their supramolecular properties can also be investigated by 
other methods. 
In the following sections, the supramolecular properties under different solvent 
conditions and temperature by using 'H NMR and viscosity measurements will be 
presented. Moreover, their morphology in solid state was investigated by scanning 
electron microscopy (SEM). Finally, their gelation properties in non-polar solvents will 
also be discussed. 
4.1 Viscosity measurement 
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4.1.1 Introduction 
Viscosity is a physical quantity that measures the resistance of the liquid to 
flow. In general, for a low molecular weight solute, the solution viscosity is low. The 
solvent easily brings these small size molecules to move. On the other hand, a high 
molecular weight solute, such as a polymer sample, will give high viscosity solution as 
these solutes have larger size which causes them to flow slowly in solution. Therefore, 
based on this relationship, viscosity can be used to estimate the molecular weight of 
traditional polymers. The times needed for the solvent (化）and different polymer 
concentration solution (0 to pass through a volume of capillary were measured at a 
specified temperature. Table 4.1 shows the commonly used viscometric terms. After 
calculation, the intrinsic viscosity [rf] was found. The molecular weight of the polymer 
can be determined by using the Mark-Houwink equation, [rj] = KMv ,^ where K and a 
are constants which depend on the type of polymer, solvent and temperature and My is 
the viscosity-average molecular weight. For a known polymer, K and a can be found in 
a polymer handbooks. For a new synthetic polymer, K and a can be determined by a 
plot of logM against log M. 
Table 4.1 Commonly used viscometric terms and their definition. 
Viscometric terms Definition equation 
Relative viscosity ( � ) //r = tItQ (for dilute solution) 
Specific viscosity (“叩） 一 1 
Reduced viscosity (//red) fjred =r}s^ C 
Inherent viscosity (ffi„h) rimh = (In rj.yc 
Intrinsic viscosity ([rj]) [“]=("sp/c)c40 = [(In //r)/c] c—0 
is concentration in gram per deciliter (g/dl). 
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However, for a supramolecular polymer, K and a cannot be obtained as the DP 
depends on the concentration. We studied its viscometric properties in another way. The 
measurement was similar to that of traditional polymers, but specific viscosity {rjsp) was 
considered instead, rjsp increases linearly with concentration (c) in traditional polymer as 
there is nearly no interaction between polymer molecules. As a result a graph of log rjsp 
against log c will give a slope close to one, indicating the polymers are non-interacting 
assemblies of constant size overall the range of concentration studied. On the other hand, 
supramolecular polymers give a non-linear relationship between rjsp and concentration, 
provided that no cyclic oligomers are formed. When concentration increases, it is 
expected that the DP of the polymers will increase, leading to non-linear increase of ；7sp. 
Therefore, a graph of log ？/sp against log c will have a slope greater than one. In the 
literature, supramolecular polymers formed by monomeric units with two UPy groups 
give slopes of 3—6 in the concentration range of 10-100 mM?^^ 38’ 52 
4.1.2 Viscosity Result At Room Temperature 
The solution viscosity of the [G3] supramolecular dendronized polymer 17 was 
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Figure 4.1 Specific viscosity of CHCI3 solution of 17 (25.5 °C) at various concentrations. 
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Figure 4.2 Double-logarithmic plot of t]sp against concentration of CHCI3 solution of 17 (25.5 °C). 
measured at room temperature in CHCI3 at concentration range from 3-10 mM. Figure 
4.1 shows the graph of rjsp against concentration. It is obvious that the rjsp increases non-
linearly with concentration. The corresponding double-logarithmic plot of rjsp 
againstconcentration gives a slope of 1.67 (Figure 4.2). The low slope means that in the 
concentration range studied, the polymer shows weak concentration dependence of 
viscosity and hence the polymeric species are interacting weakly and the DP increases 
slowly. It is hard to compare to the literature supramolecular polymers as our 
concentration range studied did not fall into their range studied due to limited amount of 
the [G3] product. 
4.1.3 Viscosity Results At Different Temperatures 
As the DP of the supramolecular polymers depends on temperature, their 
solution viscosity at different temperatures will behave differently. Hence, the solution 
viscosity of [G3] dendronized di-UPy monomer 17 was investigated below and above 
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Figure 4.3 Specific viscosities of CHCI3 solution of 17 verus concentration at three different temperatures 
(1.0, 25.5 and 40.6 °C). 
1.0 °C 
lose 
Figure 4.4 Double-logarithmic plot of ；/sp against concentration of CHCI3 solution of 17 at three different 
temperatures (1.0, 25.5 and 40.6 °C). 
non-linear relationship between //sp and concentration, which indicates the polymers 
have a layer DP value upon increasing concentration. Under the same concentration, the 
one at low temperature has greater ？/sp. At low concentration, the specific viscosities are 
low and differences are small. However, at high concentration, the specific viscosities 
show great differences. For example, at concentration at 8.1 mM, the fjsp at 1.0, 25.5 and 
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40.6 °C are 4.10, 1.90 and 0.95 respectively. This obviously shows that the polymer has 
a higher DP value at low temperature. The slopes of the log rjsp against log c were 1.75, 
1.67 and 1.60 at 1.0，25.5 and 40.6 °C respectively. The slope increases with decreasing 
temperature, which means the polymer has increasing concentration dependence. When 
temperature increases, the binding between monomers will be weakened and eventually 
leading to polymer with a lower DP value as compared with those at lower temperature. 
Although the slope at lower temperature was higher, the value was still much lower than 
the literature value as the concentration range studied was lower than those of literature. 
4.1.4 Viscosity Result In Different Solvents 
It was known that the binding of the UPy dimers varies with solvents . 
Therefore，it is expected that the compound 17 will have different DP values in different 
solvents. Compound 17 has two [G3] hydrocarbon dendrons, which allows it to dissolve 
in hexane. The viscosity was measured in hexane and compared with the result obtained 











Figure 4.5 Specific viscosities of compound 17 in CHCI3 and hexane solution verus concentration at 25.5 
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Figure 4.6 Double-logarithmic plot of rj^ p against concentration of a solution of 17 in CHCI3 (bottom) and 
hexane (top). 
hexane than in CHCI3 at the same concentration (Figure 4.5). The slope of the 
corresponding double-logarithmic plot of fjsp against concentration was 2.28 (Figure 
4.6), a value much higher than obtained from CHCI3. Obviously, the polymers formed 
in hexane has much higher DP values than that in CHCI3. Beside the quadruple 
hydrogen bonding connecting the monomer together, the very large non-polar 
hydrocarbon dendrons will also help to link the monomers by hydrophobic interaction. 
However, the slope still has not reach 3 as the concentration range studied was low (2-7 
mM) as compared with those in the literature studies (10-100 mM). 
To conclude, the viscosities of the [G3]—polymer increased with decreasing 
temperature and in very non-polar solvent hexane under the same concentration. This 
demonstrates that the polymers give higher DP values at low temperature and in hexane. 
4.2 Proton NMR 
It is known that the DP of the supramolecular polymers depends on the solvent 
polarity. In non-polar solvent such as CHCI3 and hexane, the binding of the UPy groups 
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is the strongest so that the resulting polymer has very large DP. However, when solvent 
polarity increases, for example, addition of DMF or DMSO, the DP of the polymer will 
be greatly reduced as these polar solvent molecules can form hydrogen bonds with the 
UPy groups. Hence, the binding strength between UPy is weakened and DP of the 
polymer decreases. 
The [G3]—polymer was studied by ^H NMR spectroscopy in 10，25 and 35 
percentage of <^6-DMS0 in CDCI3 (8.7 mM) in order to demonstrate the polymeric 
properties could be affected by the polarity of the solvents and to find out at which 
percentage the polymer became monomeric. The result showed that at all the three 
percentage of de-DMSO, signals corresponding to the monomeric 4[3H]-pyrimidinone 
appeared at 6 8.5-11.5 (Figure 4.7). At 10 % d^-DMSO, monomeric signals appeared 
and both the DDAA and DADA signals, i.e. polymeric signals, at 5 11.5-13.5 were still 
observed. A rough estimation found that, the intensity ratio of polymeric and 
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Figure 4.7 Downfield region of stacked 'H NMR spectra (400 MHz) of 8.7 mM [G3]—polymer 17 in 
CDCI3 with 10 %, 25 % and 35 % volume percentage of i^-DMSO. • and •indicate the peaks of DADA 
and DDAA species respectively. 
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monomeric signals was about 1:1, which indicated that the amount of polymeric species 
and the DP of the polymer were greatly reduced. The relative amount of DADA 
tautomeric form also decreased. This result was consistent with the literature, in which 
polar solvent systems disfavoured the formation of DADA tautomer.^^ When percentage 
of (i6-DMS0 was increased to 25 %, the DADA signals disappeared and the monomeric 
4[3//]-pyrimidinone signals intensity was higher than those of DDAA. It was found that 
there was only 10 % UPy groups are in polymeric form in the solution. At this stage, the 
solution contained mostly the monomeric species. At 35 % DMSO, the polymeric 
signals disappeared and only signals corresponding to the monomeric 4[3H]-
pyrimidinone were observed. Therefore, when the percentage of DMSO was 35 % or 
above, the polymer was completely dissociated into monomeric species. 
The [G3]-polymer was also studied in different concentration in CDCI3 to 
investigate whether the polymeric signals showed any significant difference in chemical 
shift. The result showed that there was no significant difference in chemical shifts for 
the polymeric signals (Figure 4.8) in three different concentrations. Even at very low 
？ • CHC13 
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Figure 4.8 Downfield region of stacked 'H NMR spectra (400 MHz) of (a) 13.1 mM; (b) 8.7 mM; (c) 0.4 
mM of [G3]-polymer 17 in CDCI3 at 25°C. • and •indicate the peaks of DADA and DDAA species 
respectively. 
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concentration (0.4 mM), the polymeric signals were still observed and no monomeric 
signals were found. This indicated the polymer 17 was in polymeric form in all three 
concentrations and no significant change in binding between monomers was observed. 
By a rough estimation,40 assuming the polymeric species formation was over 90% at the 
lowest concentration (0.4 mM), the binding constant of the UPy was about 4.5x10^ M 一 i . 
4.3 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) can allow us to study the morphology of 
the polymer in solid state. Since the two UPy units are aligned in exactly opposite 
direction on a rigid aromatic spacer, it should have a linear rather than a random coil 
structure. To prove the hypothesis, SEM was used to study their solid state structures. 
The [G3]—polymer samples were prepared in different concentrations in THF solution 
and then spin-coated on silicon wafer at either low or high angular speed. The spinning 
allowed the THF to evaporate and at the same time the centrifugal force applied to the 
sample could control its thickness. The faster the spin rate, the stronger the centrifugal 
force and the thinner the sample it was. After that, the samples were applied with much 
higher spinning rate to remove all the solvents and then coated with gold particles. The 
samples were then examined under a scanning electron microscopy and the results are 
shown in Figure 4.8. 
It was found that irrespective of spinning rate and sample concentration, the [G3] 
supramolecular dendronized polymer gave mostly linear structures. Linear arrangement 
of the two UPy units as well as the large hydrocarbon dendrons forced the 
supramolecular polymer to become extended such that the inter dendron repulsion could 
be minimized. The polymer fibers showed different lengths but most of them were over 
10 }im. Assuming each dendronized monomer was fully stretched, the head to tail 
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Figure 4.8 SEM images of [G3]—polymers at various concentrations and spin-coated at different spinning 
rates. 
distance between the two UPy units is about 2 nm. By a rough calculation, a polymer 
fiber 10 |xm in length will have at least 5000 monomeric units. Moreover, each linear 
rod has a width of a few |im, which indicated that the observed linear structure actually 
consists of a lot of polymer chains bundling up together (Figure 4.9). This kind of 
packing is facilitated via the n-n stacking interaction among the aromatic and 
heteroaromatic UPy units and by the hydrophobic interaction of the non-polar 
6 0 -
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Figure 4.9 Schematic diagram of formation of linear rod. 
hydrocarbon dendrons. In this case, each polymer chain can be treated as a non-polar 
linear polymer chain. Upon spin-coating, the polymer concentration was continuously 
increased and finally the polymer chains bounded up together to form such a linear 
structure. 
4.4 Gelation Property 
Organogelators are compounds that can immobilize the solvent molecules to 
form semi-solid like materials, called organogels.^^ In general, organogelators have two 
types, namely low molecular weight (LMW) 54 and p o l y m e r i c g e l a t o r s . In suitable 
solvents with gelator concentration < 15 % weight, the LMW gelators usually gel the 
solvent by formation of supramolecular network while the polymeric gelators gel the 
solvent by formation of cross-links or entanglements. These networks or entanglements 
are composed of linear aggregates and depending on the strength of the aggregates 
interaction, gel can be classified into strong and weak gels. Strong gel contains 
permanent stable networks with pseudo-crystalline microdomains, while weak gel 
contains transient relatively unstable networks, in which the aggregates continuously 
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Figure 4.10 General structures of (a) strong gel, containing stable network formed by linear aggregates. 
Circled areas are the pseudo-crystalline microdomains. (b) weak gel, containing unstable network with 
continuously dissociation and recombination of aggregates (circled area). 
recombine and dissociate, i.e. dynamic in nature (Figure 4.10). The criteria for the gel 
formation are still unknown, as they vary from case to case. The strength of 
supramolecular interaction, and in some case involving two or more supramolecular 
interactions, their combinations and balance, solvent polarity and concentration can 
affect the gelation ability of the gelators. No definite conclusion for gelation criteria can 
be drawn. In the literature, there are plenty of organogelators reported for applications 
on various issues such as drug delivery,^^ water purification,^^ sensor,^^ and light-
harvesting.^^ 
For our [G3] dendronized supramolecular polymer, as discussed in the above 
sections, the monomers are joined by quadruple hydrogen bonds of UPy groups to form 
the polymer while the polymer formed could further assemble via n-n stacking and 
hydrophobic interaction in the solid state. It has been reported that organogels can be 
formed by a combination of hydrogen bonding and hydrophobic interaction in common 
solvents.54a Therefore, the gelation behaviour of [G3]-polymer was investigated in 
various solvents. It was found that at or below 5 % weight/volume (w/v), it could not 
gel any solvents. However, 10 % w/v concentration, some hydrocarbon solvents were 
—62 
Table 4.2 Gelation behaviour of [G3]-polymer in common solvents (10 % w/v). 
Solvent [G3]-polymer Solvent [G3]-polymer 
Toluene S Acetone I 
Cyclohexane S Ethyl acetate I 
Pentane PG THF S 
Hexane PG CH2CI2 S 
Heptane PG CHCI3 s 
Octane S CCI4 s 
S: solution; I: insoluble; PG: partially gelled. 
Inversion 
Figure 4.11 Gelation photos of [G3]-polymer (10 % weight) before and after inversion: (Start from left) 
potassium permanganate solution, pentane, hexane, heptane and octane. 
partially gelled. The result and gelation photos were shown in Table 4.2 and Figure 4.11 
respectively. 
The result indicated that [G3]—polymer formed a rather weak gel. Gelation 
could only occur with hydrocarbon solvents which indicated that hydrophobic 
interactions between the dendrons, and the solvent played a relatively important role in 
the network formation. For other solvents, they are relatively more polar and hence, no 
hydrophobic interaction is present to stabilize the gel structure. 
4.5 Conclusion 
[G1]-[G3] supramolecular di-UPy dendronized polymers 15-17 were 
synthesized and only the [G3] series can be dissolved in solvents for the study of its 
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supramolecular polymer properties. [G3] supramolecular polymer was characterized by 
spectroscopic methods. From the SEM study, the polymer gave linear structures with 
length > 10 fxm, which were bundles of many individual rod like polymers. Such fiber 
structures were formed from the n-n stacking and hydrophobic interaction between the 
individual rod like polymers and give the bundles with diameter of several i^m. Our 
[G3]-polymer was the first report of a main chain supramolecular dendronized polymer 
with a rigid rod structure. 
From viscosity measurement, it showed a non-linear increase of the viscosity 
with increasing monomer concentration in CHCI3 solution. This indicated that the 
polymeric sizes increased when the solution became more concentrated, which was an 
intrinsic property of supramolecular polymers. It was also found that the viscosity 
decreased when the temperature increased, which indicated the polymer formed had 
lower DP value. Moreover, the viscosity of the supramolecular polymers also depend on 
the polarity of the solvent when viscosity measurements were carried out in hexane, 
which was more non-polar than CHCI3, the result showed that the viscosity was much 
higher in hexane than in CHCI3 under the same concentration. It was also found that 
when the polarity of the solvent increased, the DP of the polymer also decreased. The 
polymer samples in different polarities (10，25 and 35 % DMSO in CDCI3) were 
subjected to 'H NMR spectroscopy. When polarities increased, signals due to the 
DDAA and DAD A polymers decreased and the monomeric signals appeared. Up to 35 
0/0 (i6-DMS0，no signals due to the polymer were found and only monomers existed in 
the solution. 
The polymer also exhibited gelation properties with non-polar hydrocarbon 
solvents, such as pentane, hexane and heptane, probably due to the favourable 
hydrophobic interaction between the solvents and the hydrophobic dendron surface. 
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However, it only partially gelled these solvents, indicated the gelation power of the 
polymer was relatively weak. 
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Chapter 5 - Experimental Procedures 
5.1 General Information 
'H NMR (300 MHz unless otherwise stated) and ^^ C NMR (75.5 MHz) spectra 
were recorded on a Bruker Avance DPX 300 nuclear magnetic resonance spectrometer. 
All measurements were carried out at 25 °C in CDCI3 unless otherwise stated. Solvent 
residual signals were used as the internal standard unless otherwise specified. Chemical 
shifts were reported as parts per million (ppm) in 6 scale and coupling constants (J) 
were reported in hertz. Mass spectra were obtained on a ThermoFinnigan MAT 95 XL 
double focusing sector mass spectrometer with electron spray ionization (ESI) 
technique, electron impact (EI) technique or Bruker Daltonics Autoflex matrix-assisted 
laser desorption/ionization time of flight mass spectroscopy (MALDI-TOF-MS). The 
reported molecular mass (m/z) values, unless otherwise specified, were mono-isotopic 
mass. Elemental analyses were carried out at MED AC Ltd., Brunei Science Center, 
Cooper's Hill Lane, Egham, Surrey TW20 OJZ, United Kingdom. Size exclusion 
chromatographic (SEC) measurements were performed on Waters® Styragel columns 
(HRl, HR2, HR3，and HR4 7.8 x 300 mm in serial) at 4 0 � C using THF (unless 
otherwise indicated) as eluent (flow rate = 1.0 mL/min) on a Waters® HPLC 515 pump 
equipped with a Waters® 2489 tunable UV absorbance detector or Viscotek LR40 laser 
refractometer. The retention time (Ri) was reported in minute. Solution viscosity was 
measured in CHCI3 solution (spectrophotometric grade, stabilized with amylene) or 
hexane solution (distilled) at specified temperature in an Ubbelohde viscometer. 
Solutions were filtered over 5-mm filters before use. For scanning electron microscopy 
(SEM), the samples were spin-dried with a CHEMAT Technology KW-4A spin-coater 
with either low spin rate (300 rotations per minute (rpm)) or high spin rate (1500 rpm) 
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at 25 on a silicon wafer, coated with Au particles using a Fisons Instruments Polaron 
SC502 Stutter Coater with spin rate 6000 rpm and subsequently studied by a Leo 1450 
VP scanning electron microscope at 20 kV and a 3.2 nA probe current. The gelation 
behaviour was studied by dissolving the sample in the solvents at their corresponding 
boiling temperatures and then allowing it to be slowly cooled to room temperature. 
All reactions were carried out under N2 unless otherwise stated. All reactions 
were monitored by thin layer chromatography (TLC) performed on Merck pre-coated 
silica gel 6OF254 plates, and compounds were visualized with a spray of 5% (w/v) 
dodecamolybdophosphoric acid in ethanol and subsequent heating. Flash 
chromatography was carried out on columns of Merck Keiselgel 60 (230-400 mesh). 
Unless otherwise stated, all reagents were purchased from commercial suppliers and 
used without further purification. Tetrahydrofuran (THF) was freshly distilled prior to 
use from sodium/benzophenone ketyl under N2. Dimethyl sulfoxide (DMSO) and 
CH2CI2 were freshly distilled from CaH�. A^,A^-dimethylformamide (DMF) was freshly 
distilled from CaS04. 
5.2 Experimental Procedures 
2-Amino-4-benzyloxy-6-methylpyrimidine 46. A suspension of 6-methylisocytosine 45 
(1.00 g, 8.00 mmol) in THF (50 mL) was heated under reflux for 1 h. K2CO3 (2.54 g, 
18.38 mmol), [18]crown-6 (0.005 g，0.11 mmol) and BnBr (1.00 mL, 8.39 mmol) were 
then added and the resulting mixture was heated under reflux for 24 h. The mixture was 
cooled to 25 °C and filtered. The filtrate was concentrated and was purified by flash 
chromatography (eluent = hexane/EtOAc = 1/2) to give the target 0-benzyl protected 
compound 46 (0.51 g, 29%) as a white solid. Alternatively, it can be prepared by 
addition of 2-amino-4-chloro-6-methylpyrimidine 47 (0.50 g, 3.48 mmol) to a 
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suspension of BnOH (0.54 mL, 5.22 mmol) and NaH (0.21 g, 60% oil suspension, 5.22 
mmol) in DMF (5 mL) and the resulting mixture was heated to 50 °C. After 24 h, the 
suspension was filtered through a pad of Celite. After evaporation of solvent under 
reduced pressure, the residue was purified by flash column chromatography (eluent = 
hexane/EtOAc = 1/2) to give the target 0-benzyl protected compound 46 (0.52 g, 72%) 
as a white solid, mp: 110.3-112.0 °C (hexane + EtOAc), lit mp: 109-111 °C. Rf. 0.39 
(hexane/EtOAc = 1/2). 6h 2.26 (3 H, s, CH3), 5.11 (2 H, s, NH2), 5.31 (2 H, s，CHiFh), 
6.01 (1 H, s，pyrimidyl-H), 7.28-7.45 (5 H, m，Ph). 5c 23.6, 67.4, 96.9，128.0，128.5， 
136.7，162.9, 168.3，170.5. HRMS (MALDI-TOF) calcd for C13H17N3O + H+: 216.1131, 
found: 216.1130. 
Ditriflate To a solution of 2,5-dihydroxyterephthalate 30 (3.75 g, 14.77 mmol) in 
pyridine (30 mL) at 0 °C was added dropwise trifluoromethanesulfonic anhydride 
(10.00 g，35.44 mmol). After 5 min of stirring at 0 °C and then at 25 °C for 2 h，the 
reaction mixture was heated to 40 °C for 3 h. The reaction mixture was taken up in a 
mixture of diluted HCl (1 M, 300 mL) and CH2CI2 (200 mL). The organic layer was 
separated, washed with water and saturated NaCl solution, dried (MgSCU) and filtered. 
After evaporation of solvent under reduced pressure, the residue was purified by flash 
column chromatography (eluent = hexane/EtOAc = 5/1) to get the target ditriflate 31 
(6.74 g，88%) as a white solid, mp: 111.3-112.4 °C. Rf. 0.40 (hexane/EtOAc = 10/1). 
(400 MHz) 1.44 (6 H，t，J = 7.1，CH3), 4.49 (4 H, q，J = 7.1 ’ OCH2), 7.98 (2 H，s，ArH). 
[Gl]-dibromide 24. To a stirred solution of oxalyl chloride (9.24 mL, 0.11 mol) in 
CH2CI2 (250 mL) was added DMSO (21.55 mL, 0.22 mol) dropwise at - 7 8 � C . After 
stirring for 15 min, the [Gl]-alcohol 18 (10.00 g, 0.054 mol) was added as a solution in 
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CH2CI2 (50 mL) into the reaction mixture. After stirring for an additional 15 min at -78 
°C, EtsN (44.88 mL, 0.32 mol) was added. The reaction mixture was stirred for 30 min 
at -78 °C and 30 min at 25 °C. The mixture was concentrated under reduced pressure 
and the residue was filtered through a plug of silica gel to give [Gl]-aldehyde 21 (9.89 
g，99%) as a colorless oil which was used directly in the next reaction without further 
purification. 
To a mixture of PhsP (84.46 g, 0.32 mol) and anhydrous K2CO3 (7.42 g, 0.054 mol) in 
CH2CI2 (300 mL) was added CBr4 (53.39 g, 0.16 mol) at 0 � C . After stirring for 15 min 
at 25�C，a solution of [Gl]-aldehyde 21 (9.89 g，0.054 mol) in CH2CI2 (50 mL) was 
added and the resulting suspension was stirred at 25 °C for 3 h. The reaction mixture 
was concentrated under reduced pressure and hexane (100 mL) was added. The 
suspension was filtered through a plug of silica gel to obtain the crude product which 
was further purified by flash chromatography (eluent = hexane) to give the target [Gl] -
dibromide 24 (11.80 g，64%) as a colorless liquid. Rf. 0.79 (hexane). 5h 0.88 (6 H, d, J = 
6.6, CH3), 0.89 (6 H, d , J = 6.7，CH3), 1.05-1.34 (6 H, m)，1.34-1.61 (4 H，m), 2.21-
2.40 (1 H，m，CHOC)，6.11 (1 H，d，J= 9.8, CH=CBr2). 5c 22.7, 22.9, 28.3, 32.5, 36.4, 
44.3, 87.9，143.9. m/z (EI): 340 (M+). HRMS (EI) calcd for Ci3H24Br2+: 340.0219， 
found: 340.0216. SEC (RI): Rt 37.01. 
[Gl]—acetylene 27. fz-BuLi (1.6 M in hexane, 47.70 mL, 0.076 mol) was added dropwise 
to a solution of the [Gl]-dibromide 24 (11.80 g, 0.035 mol) in THF (250 mL) at - 7 8 � C . 
After stirring for 30 min at -78 °C and 30 min at 25 °C, the solution was poured into 
HCl (1 M, 100 mL) and extracted with hexane (3 x 200 mL). The combined extracts 
were washed with saturated NaCl solution, dried (MgSCU) and filtered. After 
evaporation of solvent under reduced pressure, the residue was purified by flash column 
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chromatography (eluent = hexane) to give the target [Gl]-acetylene 27 (5.77 g, 92%) as 
a colourless liquid. Rf 0.62 (hexane). 5h 0.89 (12 H, d, J = 6.5, CH3), 1.15-1.64 (10 H, 
m)，2.04 (1 H, d,J = 2.4, C^CH), 2.16-2.32 (1 H，m, CHC三C). 5c 22.6, 22.9，28.1，32.2, 
33.1, 36.7, 69.2，88.1. m/z (EI): 179 (M—H+). HRMS (EI) calcd for C13H24-H+: 
179.1794，found: 179.1789. SEC (RI): Rt 37.20. 
Acetylenic [Gl]-diester 32. A degassed solution of [Gl]—acetylene 27 (5.77 g, 32.00 
mmol), ditriflate 31 (6.70 g，12.93 mmol), EtsN (10.80 mL, 77.49 mmol), PdCl2(PPh3)2 
(1.27 g, 1.81 mmol) and Cul (0.50 g, 2.63 mmol) in THF (45 mL) and DMF (40 mL) 
was stirred at 25 °C for 15 h. The reaction mixture was taken up in a mixture of 
saturated NH4CI solution (200 mL), hexane (200 mL) and EtOAc (200 mL). After 
filtration, the organic layer was separated, washed with water and saturated NaCl 
solution, dried (MgSCU) and filtered. The residue was purified by precipitation from 
EtOH to give the acetylenic [Gl]^iester 32 (6.38 g, 85%) as a white solid, mp: 80.6-
81.7 °C. /?f0.38 (hexane/EtOAc = 50/1). 6h 0.90 (12 H, d, J = 6.5, CH3), 0.91 (12 H, d， 
J= 6.5, CH3), 1.20-1.65 (26 H, m)，2.52 (2 H, quint, J = 7.0，CHC三C)，4.38 (4 H, q , y = 
7.1 , OCH2), 7.93 (2 H, s, ArH). 5c 14.4, 22.6，22.9, 28.2, 32.9，33.4，36.8, 61.6, 79.7， 
101.7，123.0，134.7, 135.7，165.7. m/z (ESI): 601 (M + Na+，100%). HRMS (ESI) calcd 
for C38H58O4 + Na+: 601.4238, found: 601.4247. Anal. C38H58O4 requires C 78.85; H 
10.10，found: C 79.03; H 10.34. SEC (UV): Rt 34.00. 
Saturated [Gl]-diester 35. A mixture of the acetylenic [Gl]-<iiester 32 (6.16 g，10.64 
mmol) and palladium black (0.38 g) in absolute EtOH (75 mL) and THF (75 mL) was 
stirred under H2 (1 atm) at 25 °C. After 20 h, the suspension was filtered through a pad 
of Celite and the filtrate was concentrated under reduced pressure to give the target 
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saturated [Gl]-diester 35 (6.25 g, 100%) as a colourless liquid. Rf. 0.50 (hexane/EtOAc 
=50/1). 5h 0.88 (24 H, d,J= 6.6, CH3), 1.02-1.22 (8 H, m), 1.22-1.35 (10 H, m)，1.40 
(6 H, t，J= 7.1，CH2C//3), 1.44-1.57 (8 H, m), 2.80-2.92 (4 H，m, ArCHj), 4.38 (4 H, q, 
J= 7.1，OCH2), 7.64 (2 H, s, ArH). 6c 14.5, 22.9, 28.5, 31.2, 31.4，36.0, 36.1，38.3，61.2， 
132.6，133.0，141.7, 167.7 m/z (ESI): 609 (M + Na+，100%). HRMS (ESI) calcd for 
C38H66O4 + Na+: 609.4864, found: 609.4860. Anal. C38H66O4 requires C 77.76; H 11.33, 
found: C 77.94; H 11.44. SEC (UV): Rt 33.89. 
[Gl]-diacid 38. A mixture of saturated [Gl]-diester 35 (6.25 g, 10.64 mmol) and 
aqueous KOH (1 M in H2O, 110 mL，0.11 mol) in THF (70 mL) and MeOH (120 mL) 
was heated under reflux for 18 h. The mixture was cooled to 25 °C and acidified with 
diluted HCl (1 M) to pH = 2. The aqueous phase was extracted with EtOAc (3 x 100 mL) 
and the combined organic layers were washed with water and saturated NaCl solution, 
dried (MgSCU) and filtered. The filtrate was concentrated under reduced pressure to 
give the target [Gl]-diacid 38 (5.49 g, 97%) as a white solid, mp: 215 .8-217 .9�C 
(MeOH). Rf. 0.25 (hexane/EtOAc = 10/1). 5h (DMSO-de) 0.84 (24 H, d, J = 6.6，CH3)， 
0.98-1.33 (18 H, m)，1.33-1.56 (8 H, m)，2.75-2.93 (4 H, m, ArCHz), 7.60 (2 H, s, 
ArH), 13.08 (2 H，s，COOH). 5c (DMSO-de) 22.5，22.6，27.8, 30.3，30.5，35.3，35.5, 
37.3, 132.1, 133.2, 140.8, 168.4. HRMS (MALDI-TOF) calcd for C34H58O4 + Na+: 
553.4227, found: 553.4265. Anal. C34H58O4 requires C 76.93; H 11.01, found: C 77.07; 
H 11.34. SEC (UV): Rt 34.10. 
[Gl]-bifunctional protected monomer 48. A solution of [Gl]-diacid 38 (2.57 g, 4.84 
mmol), Et3N (1.69 mL, 12.10 mmol) and DPPA (4.00 g, 14.52 mmol) in toluene (30 
mL) was stirred at 25 °C for 2 h. 0-benzyl protected compound 46 (2.40 g，11.15 mmol) 
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was then added and the remaining mixture was heated under reflux for 20 h. The 
reaction mixture was concentrated and the residue was purified by precipitation from 
EtOAc to give [Gl]-bifunctional protected monomer 48 (2.81 g, 61%) as a white solid, 
mp: 206.3-206.9 °C (Toluene). Rf. 0.18 (hexane/EtOAc = 5/1). 5h 0.77 (12 H’ d，J 二 6.6, 
CH3)，0.78 (12 H，d,J= 6.6, CH3), 0.93-1.45 (22 H, m)，1.47-1.66 (4 H，m), 2.38 (6 H, 
s, pyrimidyl—CH3), 2 . 5 5 - 2 . 7 6 (4 H，m，ArCHz), 5.35 (4 H, s, C/ZzPh), 6.27 (2 H, s, 
pyrimidyl-H), 7.21 (2 H，s，ArNHCON//), 7.29-7.46 (10 H, m，Ph)，7.65 (2 H, s, ArH), 
11.18 (2 H, s，ArNH). 5c 22.7, 23.8, 28.4，29.4, 31.2, 34.3, 35.9，38.3，68.4, 101.1， 
125.3，128.3, 128.4, 128.7，132.5, 133.6，136.0，152.6, 157.3, 166.9，170.4. m/z (ESI): 
978 (M + Na+，100%). HUMS (ESI) calcd for C58H82N8O4 + Na+: 977.6362, found: 
977.6367. C58H82N8O4 requires C 72.92; H 8.65; N 11.72，found: C 73.41; H 8.88; N 
11.93. SEC (UV): 32.97. 
[Gl]-bifunctional dendronized monomer 15. A mixture of the [Gl]-bifunctional 
protected monomer 48 (0.20 g，0.21 mmol) and palladium black (0.06 g) in MeOH (12 
mL) and CHCI3 (120 mL) was stirred under H2 (1 atm) at 2 5 � C . After 24 h, the 
suspension was filtered through a pad of Celite and the filtrate was concentrated under 
reduced pressure and purified by precipitation from MeOH to give the target [Gl ] -
bifunctional dendronized polymer 15 (0.12 g，74%) as a white powder. 5h (400 MHz, 
DMS0-(^6, the benzylic H's signals were obscured by the residue solvent signals) 0.79 
(24 H, d, J = 6.4，CH3)，0.98-1.13 (8 H, m), 1.13-1.30 (10 H, m)，1.30-1.55 (8 H，m)， 
2.17 (6 H, s, pyrimidyl-CHs), 5.84 (2 H, s，pyrimidyl-H), 7.48 (2 H, s, ArH), 9.48-
10.29 (4 H, br s，NHCONH), 11.00-11.72 (2 H, br s, NH in UPy). HRMS (MALDI-
TOF) calcd for C44H80N8O4 + Na+: 797.5412, found: 797.5420. C44H80N8O4 requires C 
68.18; H 9.10; N 14.45, found: C 68.02; H 9.63; N 14.38. 
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[G2]-dibromide 25. To a stirred solution of oxalyl chloride (1.95 mL, 22.78 mmol) in 
CH2CI2 (50 mL) was added DMSO (4.57 mL, 45.57 mmol) dropwise at —78�C. After 
stirring for 15 min, a solution of the [G2]—alcohol 19 (5.00 g, 11.39 mmol) in CH2CI2 
(10 mL) was added to the reaction mixture. After stirring for an additional 15 min at 
-78 °C, EtsN (9.53 mL, 68.35 mmol) was added. The reaction mixture was stirred for 
30 min at - 78 °C and 30 min at 25 °C. The mixture was concentrated under reduced 
pressure and the residue was filtered through a plug of silica gel to give [G2]—aldehyde 
22 (4.95 g, 990/0) as a colorless oil which was used directly in the next reaction without 
further purification. 
To a suspension of PhsP (17.79 g，67.82 mmol) and anhydrous K2CO3 (1.56 g, 11.30 
mmol) in CH2CI2 (30 ml) was added CBr4 (11.25 g, 33.91 mmol) at 0 °C. After stirring 
for 15 min at 25 °C，a solution of [G2]-aldehyde 22 (4.95 g，11.30 mmol) in CH2CI2 (10 
mL) was added and the resulting suspension was stirred at 25 °C for 3 h. The reaction 
mixture was concentrated under reduced pressure and hexane (30 mL) was added. The 
suspension was filtered through a plug of silica gel to obtain the crude product which 
was further purified by flash chromatography (eluent = hexane) to give the target [G2]-
dibromide 25 (5.81 g，86%) as a colorless liquid. Rf. 0.84 (hexane). 5h 0.88 (24 H, d , J = 
6.6, CH3), 1.03-1.58 (34 H, m)，2.30-2.46 (1 H，br s, CHC=C), 6.12 (1 H, d, J = 9.8， 
CH=CBr2). 5c 23.0, 24.4, 28.7，31.4, 31.5, 33.9, 35.2, 36.1，36.2，37.9, 43.7，88.0, 143.8. 
HRMS (MALDI-TOF) calcd for CsiHfioBrz + Ag+: 699.2094，found: 699.2069. Anal. 
C3iH6oBr2 requires C 62.83; H 10.20; Br 26.97, found: C 62.93; H 9.99; Br 27.07. SEC 
(RI): Rt 34.45. 
[G2]-acetylene 28. /t-BuLi (1.6 M in hexane, 11.23 mL, 17.97 mmol) was added 
dropwise to a solution of the [G2]-dibromide 25 (4.84 g，8.17 mmol) in THF (30 mL) at 
- 7 3 -
-78 °C. After stirring for 30 min at —78 °C and 30 min at 25 °C, the solution was 
poured into HCl (1 M，100 mL) and extracted with hexane (3 x 100 mL). The combined 
extracts were washed with saturated NaCl solution, dried (MgSCU) and filtered. After 
evaporation of solvent under reduced pressure, the residue was purified by flash column 
chromatography (eluent = hexane) to get the target [G2]—acetylene 28 (3.09 g, 87%) as 
a colourless liquid. 0.71 (hexane). 5h 0.88 (24 H, d, 6.6，CH3), 1.02-1.31 (22 H, 
m)，1.31-1.58 (12 H, m)，2.03 (1 H, d, 2.3，C三CH)，2.25-2.41 (1 H, m, CHC=C). 5c 
22.9, 24.5, 28.6, 31.3，31.5, 31.7, 33.6, 35.6, 36.0, 36.1, 37.9，69.2，88.3. HRMS 
(MALDI-TOF) calcd for C31H60 + Ag+: 539.3740, found: 539.3719. Anal. C31H60 
requires C 86.03; H 13.97，found: C 85.83; H 14.25. SEC (RI): Rt 34.52. 
Acetylenic [G2]—diester 33. A degassed solution of [G2]-acetylene 28 (3.09 g, 7.12 
mmol), ditriflate 31 (1.23 g, 2.37 mmol), EtsN (1.99 mL, 14.24 mmol), PdCl2(PPh3)2 
(0.23 g, 0.33 mmol) and Cul (0.06 g，0.33 mmol) in THF (12 mL) and DMF (10 mL) 
was stirred at 25 °C for 15 h. The reaction mixture was taken up in a mixture of 
saturated NH4CI solution (100 mL) and hexane (100 mL). After filtration, the organic 
layer was separated, washed with water and saturated NaCl solution, dried (Mg2S04) 
and filtered. After evaporation of solvent under reduced pressure, the residue was 
purified by flash column chromatography (eluent = hexane/EtOAc = 50/1) to get the 
target acetylenic [G2]-<iiester 33 (2.31 g，90%) as a yellow liquid. Rf 0.66 
(hexane/EtOAc = 50/1). 5h 0.849 (24 H, d,J= 6.6, CH3)，0.855 (24 H, d,J= 6.6，CH3), 
1.03—1.34 (44 H, m), 1.34-1.65 (30 H, m)，2.52-2.69 (2 H, m, CHC=C), 4.37 (4 H, q, J 
=7.1，OCH2), 7.93 (2 H, s, ArH). 6c 14.5, 22.9，24.7，28.6, 31.3, 31.4, 33.0, 33.7, 35.6, 
36.0，36.1, 37.9, 61.5，79.8，101.6，123.0, 134.7, 135.7, 165.6. m/z (ESI): 1106 (M + Na+， 
—74 
100%). HRMS (ESI) calcd for C74H130O4 + Na+: 1105.9861, found: 1105.9866. Anal. 
C74H130O4 requires C 82.01; H 12.09, found: C 81.61; H 12.35. SEC (UV): 31.99. 
Saturated [G2]-diester 36. A mixture of the acetylenic [G2]-diester 33 (2.31 g，2.13 
mmol) and palladium black (0.20 g) in absolute EtOH (75 mL) and THF (75 mL) was 
stirred under H2 (1 atm) at 25 °C. After 20 h，the suspension was filtered through a pad 
of Celite and the filtrate was concentrated under reduced pressure to give the target 
saturated [G2]-diester 36 (2.30 g, 99%) as a colourless liquid. Rf. 0.67 (hexane/EtOAc 
=50/1). 5h 0.87 (48 H, d, J = 6.6，CH3), 1.03-1.34 (60 H, m), 1.34-1.58 (20 H, m), 
2.77-2.97 (4 H，m, ArCHz), 4.37 (4 H, q, J = 7 . 1 , OCH2), 7.64 (2 H，s, ArH). 5c 14.5, 
22.9, 23.9，28.6, 31.4, 31.6, 34.1, 34.4，36.1，36.5，38.0, 38.1, 61.2, 132.6, 133.0，141.7， 
167.7. HRMS (MALDI-TOF) calcd for C74H138O4 + Na+: 1114.0487, found: 1114.0419. 
Anal. C74H138O4 requires C 81.40; H 12.74, found: C 81.27; H 12.55. SEC (UV): R^  
31.92. 
[G2]-diacid 39. A mixture of saturated [G2]-diester 36 (2.30 g, 2.10 mmol) and 
aqueous KOH (1 M in H2O，42 mL, 42 mmol) in THF (40 mL) and EtOH (40 mL) was 
heated under reflux for 18 h. The mixture was cooled to 25 °C and acidified with diluted 
HCl (1 M) to pH = 2. The aqueous phase was extracted with EtOAc (3 x 40 mL) and 
the combined organic layers were washed with water and saturated NaCl solution, dried 
(MgS04) and filtered. The filtrate was concentrated under reduced pressure to give the 
target [G2]-diacid 39 (1.96 g, 99%) as a colourless liquid. Rf. 0.49 (hexane/EtOAc = 
30/1). 5h 0.85 (48 H，d,J= 6.6，CH3), 1.01-1.70 (74 H, m)，2.84-3.16 (4 H, m，ArCHz), 
7.90 (2 H, s, ArH), 10.99-13.25 (2 H, br s, COOH). 5c 22.9, 23.9，28.6,31.4, 31.8, 34.1, 
34.3, 36.1, 36.4, 38.0，38.1, 132.1，134.1, 143.5, 173.3. m/z (ESI): 1058 (M + Na+， 
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100%). HRMS (ESI) calcd for C70H130O4 + Na+: 1057.9861, found: 1057.9866. SEC 
(UV): 31.99. 
[G2]-bifunctional protected monomer 49. A solution of [G2]-diacid 39 (1.73 g, 1.67 
mmol)，EtsN (0.58 mL, 4.18 mmol) and DPPA (1.15 g, 4.18 mmol) in toluene (30 mL) 
was stirred at 25 °C for 2 h. 0-benzyl protected compound 46 (1.15 g, 4.18 mmol) was 
added to the reaction mixture and the resulting solution was heated under reflux for 20 h. 
The reaction mixture was concentrated and the product was isolated by precipitation 
from EtOAc to give [G2]-bifunctional protected monomer 49 (1.68 g, 69%) as a white 
solid, mp: 145.3-146.4 °C (THF + EtOH). Rf. 0.25 (hexane/EtOAc = 10/1). 6h 0.85 (48 
H, d, J = 6.5, CH3)，0.99-1.28 (60 H, m), 1.28-1.37 (2 H, m), 1.45 (8 H, septet, J = 6.5, 
CHMq2), 1.53-1.66 (4 H，m), 2.39 (6 H, s, pyrimidyl-CHs), 2.59-2.75 (4 H, m, ArCHz), 
5.35 (4 H, s，C//2Ph), 6.26 (2 H, s, pyrimidyl-H), 7.18(2 H, s, ArNHCON//), 7.30-7.46 
(10 H, m’ Ph)，7.68 (2 H，s，ArH), 11.15 (2 H，s, ArNH). 5c 22.86, 22.88，23.8, 28.5, 
29.3, 31.28, 31.33，34.0，34.3, 34.5，35.98，36.01，37.9，68.4，101.1, 125.1, 128.3，128.4， 
128.7，132.5，133.4，136.0，152.5, 157.3，166.9, 170.4. HRMS (MALDI-TOF) calcd for 
C94H154N8O4 + H+: 1461.2198, found: 1461.2208. SEC (UV): 31.62. 
[G2]-bifunctional dendronized polymer 16. A mixture of the [G2]—bifunctional 
protected monomer 49 (0.10 g, 0.07 mmol) and Pd(0H)2-C (0.04 g) in MeOH (6 mL) 
and CHCI3 (60 mL) was stirred under H2 (1 atm) at 25 °C. After 24 h, the suspension 
was filtered through a pad of Celite and the filtrate was concentrated under reduced 
pressure and purified by precipitation from MeOH to give the target [G2]-bifunctional 
dendronized polymer 16 (0,12 g，80%) as a white powder. The compounds could not be 
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dissolved in any solvents to allow structural characterization. HRMS (MALDI-TOF) 
calcd for C80H142N8O4 + H+: 1280.1227, found: 1280.1243. 
[G3]-dibromide 26. To a stirred solution of oxalyl chloride (0.43 mL, 4.96 mmol) in 
CH2CI2 (10 mL) was added DMSO (0.99 mL, 9.92 mmol) dropwise at -78 °C. After 
stirring for 15 min, the [G3]—alcohol 20 (2.34 g，2.48 mmol) was added as a solution in 
CH2CI2 (5 mL) into the reaction mixture. After stirring for an additional 1 h at -78 °C， 
EtsN (2.07 mL, 14.88 mmol) was added. The reaction mixture was stirred for 30 min at 
-78 °C and 30 min at 25 °C. The mixture was concentrated under reduced pressure and 
the residue was filtered through a plug of silica gel to give [G3]—aldehyde 23 (2.24 g， 
96%) as a colorless oil which was used directly in the next reaction without further 
purification. 
To a suspension of PhsP (3.63 g，13.83 mmol) and anhydrous K2CO3 (0.32 g, 2.31 
mmol) in CH2CI2 (15 ml) was added CBr4 (2.29 g, 6.92 mmol) at 0 °C. After stirring for 
15 min at 25�C，a solution of [G3]-aldehyde 23 (2.24 g, 2.31 mmol) in CH2CI2 (5 mL) 
was added and the resulting suspension was stirred for 24 h at 25 °C. The reaction 
mixture was concentrated under reduced pressure and hexane (10 mL) was added. The 
suspension was filtered through a plug of silica gel to obtain the crude product which 
was further purified by flash chromatography (eluent = hexane) to give the target [G3]-
dibromide 26 (2.35 g，90%) as a colorless liquid. Rf. 0.87 (hexane). 5h 0.90 (48 H, d, J = 
6.6，CH3), 1.02-1.43 (74 H, m)，1.51 (8 H, septet, 7 = 6.6，CHMQ2I 2.30-2.50 (1 H，m, 
CHC=C), 6.12 (1 H，d,J= 9.9，CH=CBr2). 5c 23.0，23.87’ 23.92，24.5, 28.7’ 31.5, 34.1, 
34.3，35.2, 36.2, 37.5，38.0, 43.9，87.9，143.9. HRMS (MALDI-TOF) calcd for 
C67Hi32Br2 + Ag+: 1205.7730, found: 1205.7761. Anal. C67Hi32Br2 requires C 73.32; H 
12.12; Br 14.56, found: C 73.72; H 12.30; Br 14.03. SEC (RI): R, 32.37. 
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[G3]—acetylene 29. /7-BuLi (1.6 M in hexane, 2.51 mL, 4.01 mmol) was added dropwise 
to a solution of the [G3]-dibromide 26 (2.00 g，1.82 mmol) in THF (5 mL) at -78 °C. 
After stirring for 30 min at —78 °C and 30 min at 25 °C, the solution was poured into 
HCl (1 M, 50 mL) and extracted with hexane (3 x 50 mL). The combined extracts were 
washed with saturated NaCl solution, dried (MgSCU) and filtered. After evaporation of 
solvent under reduced pressure, the residue was purified by flash column 
chromatography (eluent = hexane) to get the target [G3]-acetylene 29 (1.50 g, 88%) as 
a colourless liquid. Rf 0.80 (hexane). 6h 0.87 (48 H, d，J= 6.6, CH3), 1.03-1.55 (82 H, 
m), 2.03 (1 H，d, J = 2.3，C^CH), 2.23-2.40 (1 H, m, CHC三C). 5c 22.9, 23.75，23.85, 
24.6, 28.6, 31.4’ 31.8，33.8, 34.2, 34.3, 35.7, 36.1, 37.5, 37.9，69.1, 88.4. HRMS 
(MALDI-TOF) calcd for C67H132 + Ag+: 1045.9387, found: 1045.9374. SEC (RI): Rt 
32.32. 
Acetylenic [G3]-diester 34. A degassed solution of [G3]-acetylene 29 (1.50 g, 1.60 
mmol), ditriflate 31 (0.28 g，0.53 mmol), Ei^N (0.45 mL, 3.20 mmol), PdCl2(PPh3)2 
(0.056 g, 0.080 mmol) and Cul (0.015 g, 0.080 mmol) in THF (6 mL) and DMF (5 mL) 
was stirred at 25 °C for 24 h. The reaction mixture was taken up in a mixture of 
saturated NH4CI solution (100 mL) and hexane (100 mL). After filtration, the organic 
layer was separated, washed with water and saturated NaCl solution, dried (MgS04) and 
filtered. After evaporation of solvent under reduced pressure, the residue was purified 
by flash column chromatography (eluent = hexane/CH^Ch = 20/1) to get the target 
acetylenic [G3]-diester 34 (0.56 g，50%) as a yellow liquid. Rf 0.16 (hexane). 5h 0.87 
(96 H, d,J= 6.6，CH3)，1.01-1.64 (170 H, m)，2.50-2.70 (2 H, m, CHC三C), 4.38 (4 H, 
q,J= 7.1，OCH2), 7.95 (2 H, s, ArH). 5c 14.5, 22.9, 23.7，23.8，24.8，28.6, 31.4，33.1, 
33.9, 34.16，34.24, 34.2，35.7, 36.0，37.4，37.9, 61.5，79.7，101.7, 123.1, 134.5, 135.9， 
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165.5. HRMS (MALDI-TOF) calcd for C146H274O4 + Na+: 2116.1164’ found: 
2116.1180. Anal. C146H274O4 requires C 83.75; H 13.19, found: C 83.82; H 13.28. SEC 
(UV):/?, 30.31. 
Saturated [G3]-diester 37. A mixture of the acetylenic [G3]-diester 34 (0.37 g, 0.18 
mmol) and palladium black (0.01 g) in absolute EtOH (10 mL) and THF (10 mL) were 
stirred under H2 (1 atm) at 25 °C. After 20 h, the suspension was filtered through a pad 
of Celite and the filtrate was concentrated under reduced pressure to give the target 
saturated [G3]-diester 37 (0.34 g，92%) as a colourless liquid. Rf. 0.67(hexane/EtOAc = 
50/1). 5h 0.87 (96 H，d，J = 6.6，CH3), 1.01-1.35 (146 H, m), 1.35-1.60 (30 H, m), 
2.75-2.99 (4 H, m, ArCHz), 4.37 (4 H，q，7.1，OCH2), 7.64 (2 H, s，ArH). 5c 14.6, 
23.0，23.9，24.0，28.6，31.5, 31.7，34.3, 34.6, 36.2，36.5, 37.6，38.0, 38.4，61.1, 132.8， 
133.0，141.9, 167.5. HRMS (MALDI-TOF) calcd for C146H282O4 + Na+: 2124.1789, 
found: 2124.1760. SEC (UV): R^  30.25. 
[G3]-diacid 40. A mixture of KO'Bu (0.28 g，2.49 mmol) and water (0.01 mL, 0.62 
mmol) in THF (5 mL) was stirred at 0 � C for 5 min. A solution of the saturated [G3]-
diester 37 (0.33 g，0.16 mmol) in THF (5 mL) was added and the resulting suspension 
was stirred 25 °C for 48 h. The mixture was acidified with diluted HCl (1 M) to pH = 2. 
The aqueous phase was extracted with CH2CI2 (3 x 20 mL) and the combined organic 
layers were washed with water and saturated NaCl solution, dried (MgS04) and filtered. 
After evaporation of solvent under reduced pressure, the residue was purified by flash 
column chromatography (eluent = hexane/EtOAc = 50/1) to get the target [G3]-cliacid 
40 (0.31 g, 98%) as a colourless liquid. Rf. 0.76 (hexane/EtOAc = 20/1). 5h 0.87 (96 H, 
d,J= 6.6, CH3), 1.00—1.73 (170 H, m)，2.90—3.10 (4 H, m, ArCH:)，7.91 (2 H, s, ArH), 
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9.12-12.36 (2 H，br s, COOH). 5c 23.0, 23.8，24.0, 28.6, 31.4，31.9, 34.2, 34.3, 34.6， 
36.1，36.6，37.5，37.9, 38.4，131.8，134.1, 143.5，171.8. HRMS (MALDI-TOF) calcd 
for C142H274O4 + Na+: 2068.1163，found: 2068.1261. Anal. C142H274O4 requires C 83.37; 
H 13.50，found: C 83.40; H 13.96. SEC (UV): R, 30.30. 
[G3]-bifiinctional protected monomer 50. A solution of [G3]-diacid 40 (0.61 g，0.30 
mmol) and EtsN (0.42 mL，3.00 mmol) in toluene (5 mL) was stirred at 6 0 � C for 2 h. 
The reaction mixture was cooled to 25 °C and was added with DPP A (0.83 g，3.00 
mmol). After stirring at 25 °C for 2 h, 0-benzyl protected compound 46 (0.19 g, 0.90 
mmol) was then added and the reaction mixture was heated under reflux for 48 h. The 
reaction mixture was concentrated and purified by flash column chromatography (eluent 
=hexane/EtOAc = 30/1) to get the target [G3]-bifunctional protected monomer 50 
(0.36 g，49%) as a colourless liquid. Rf. 0.46 (hexane/EtOAc = 10/1). 5h 0.86 (96 H, d，J 
二 6.6，CH3)，0.99-1.69 (170 H, m)，2.39 (6 H, s，pyrimidyl-CHs), 2.52-2.80 (4 H，m， 
ArCHz), 5.35 (4 H, s, C/ZzPh), 6.26 (2 H, s，pyrimidyl-H), 7.21 (2 H，s，ArNHCON/^， 
7.29-7.47 (10 H，m, Ph)，7.69 (2 H，s，ArH)，11.18 (2 H, s，ArNH). 5c 22.9, 23.7, 23.9’ 
24.0, 28.6，29.3, 31.4，34.1，34.3, 34.5，34.6，36.0, 37.5, 37.9, 38.2, 68.4，101.2, 125.1, 
128.3, 128.5, 128.7, 132.4，133.5, 136.0, 152.5, 157.3, 166.9, 170.4. HRMS (MALDI-
TOF) calcd for C166H298N8O4 + Na+: 2492.3286，found: 2492.3263. Anal. C166H298N8O4 
requires C 80.71; H 12.16; N 4.54, found: C 81.04; H 12.31; N 4.73. SEC (UV): R, 
30.22. 
[G3]-bifunctional dendronized polymer 17. A mixture of the [G3]-bifunctional 
protected monomer 50 (0.12 g, 0.05 mmol) and Pd(0H)2-C (0.04 g) in MeOH (6 mL) 
and CHCI3 (60 mL) was stirred under H2 (1 atm) at 25 °C. After 24 h, the suspension 
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was filtered through a pad of Celite and the filtrate was concentrated under reduced 
pressure and purified by precipitation from EtOAc to give the target [G3]-bifunctional 
dendronized polymer 17 (0.09 g, 81%) as a white syrup. 5h (400 MHz) 4[\H]-
pyrimidinone tautomer (76%): 0.86 (96 H, d , J = 6.3，CH3), 0.98—1.73 (170 H，m)，2.20 
(6 H, s，pyrimidyl-CHs), 2.50-3.10 (4 H, s, ArCHi), 5.80 (2 H, s, pyrimidyl-H), 7.20 (2 
H，s, ArH), 11.80 (2 H, br s，NHCONH), 13.28 (1 H, br s, NH in UPy); 4-pyrimidinol 
tautomer (24%): 0.86 (96 H, d, J = 6.3，CH3)，0.98-1.73 (170 H, m), 2.39 (6 H, s, 
pyrimidyl-CHs), 2.50-3.10 (4 H, s，ArCHz), 6.23 (2 H, s, pyrimidyl-H), 7.71 (2 H，s, 
ArH), 11.36 (2 H，br s, NHCONH), 13.28 (4 H, br s, NH in UPy). 5c (100 MHz, some 
aromatic signals were too weak to be observed) 22.9, 23.0, 23.8, 24.0, 28.6, 31.3，31.4， 
34.1，34.2, 34.26, 34.31，148.1，155.0, 166.8，172.6. HRMS (MALDI-TOF) calcd for 
C152H286N8O4 + Na+: 2312.2347, found: 2312.2375. SEC (UV): R, 30.00. 
- 8 1 -
References 
(1) For reviews on dendrimer, see (a) Bosnian, A. W.; Janssen, H. M.; Meijer, E. W. 
Chem. Rev. 1999，99, 1665-1688. (b) Vogtle，F.; Fischer, M. Angew. Chem., Int. 
Ed 1999，38, 934-955. (c) Stoddart, F. J.; Welton, T. Polyhedron 1999, 18, 3575-
3591. (d) Vogtle, F.; Gestermann, S.; Hesse, R.; Schwierz, H.; Windisch，B. Prog. 
Polym. ScL 2000，14, 987-1041. (e) Grayson, S. M.; Frechet, J. M. J. Chem. Rev. 
2001，101, 3819-3867. 
(2) (a) Padilla De Jesus, O. L.; Ihre, H. R.; Gagne，L.; Frechet, J. M. J.; Szoka, F. C.，Jr. 
Bioconjugate Chem. 2002，13’ 453461. (b) Paleos，C. M.; Tsiourvas, D.; 
Sideratou, Z.; Tziveleka, L. Biomacromolecules 2004，5, 524-529. 
(3) (a) Dichtel, W. R.; Hecht, S.; Frechet, J. M. J. Org. Lett. 2005’ 7，4451-4454. (b) 
Ahn, T. S.; Thompson, A. L,; Bharathi, P.; Mueller, A.; Bardeen, C. J. Phys. Chem. 
B. 2006,770, 19810—19819. 
(4) (a) Hecht, S.; Frechet, J. M. J. J. Am. Chem. Soc. 2001，123, 6959-6960. (b) 
Bhyrappa, P.; Young, J. K.; Moore, J. S.; Suslick, K. S. J. Am. Chem. Soc. 1996, 
118, 5708-5711. (c) Davis, A. V.; Driffield, M.; Smith, D. K. Org. Lett. 2001，3, 
3075-3078. 
(5) (a) Chen, S.; Yu，Q.; Li, L.; Boozer, C. L.; Homola, J.; Yee, S. S.; Jiang, S. J. Am. 
Chem. Soc. 2002, 124, 3395-3401. (b) Xu, M. H.; Lin, J.; Hu, Q. S.; Pu. L. J. Am. 
Chem. Soc. 2002，124, 14239-14246. 
(6) (a) Tomalia, D. A.; Frechet, J. M. J. J. Polym. Set Part A: Polym. Chem. 2002, 40’ 
2719—2728. (b) Womer, C ; Mulhaupt, R. Angew. Chem., Int. Ed. Engl. 1993, 26, 
91-101. (c) Newkome, G. R.; Yao, Z.; Baker, G. R.; Gupta, V. K. J. Org. Chem. 
1985，77, 117—132. 
82-
(7) (a) Xu, Z. F.; Moore, J. S. Angew. Chem., Int. Ed Engl. 1993, 32, 246-248. (b) 
Hawker, C. J.; Frechet, J. M. J. J. Am. Chem. Soc. 1990，112, 7638-7647. (c) 
Miller, T. M.; Neenari, T. X. Chem. Mater. 1990，2, 346-349. 
(8) For reviews on dendronized polymers, see (a) Frey, H. Angew Chem., Int. Ed. 1998, 
37, 2193-2197. (b) Schluter, A. D.; Rabe, J. P. Angew Chem., Int. Ed, 2000，39, 
864—883. (c) Zhang, A.; Shu, L.; Bo, Z.; Suhluter, A. D. Marcomol Chem. Phys. 
2003, 204, 328-339. (d) Frauenrath, H. Prog. Polym. Sci. 2005，30, 325-384. 
(9) (a) Suijkerbuijk, B. M. J. M.; Shu, L.; Klein Gebbink, R. J. M.; Schluter, A. D.; van 
Koten, G. Organometallics 2003, 22, 4175-4177. (b) Deng, G.-J.; Yi, B.; Huang, 
Y.-Y.; Tang, W.-J.; He, Y.-M.; Fan, Q.-H. Adv. Synth. Catal. 2004，346’ 1440-
1444. 
(10) (a) Sato, T.; Jiang, D.-L.; Aida，T. J. Am. Chem. Soc. 1999，727, 10658-10659. (b) 
Li, W.-S.; Jiang, D.-L.; Aida, T. Angew. Chem. Int. Ed. 2004，43，2943-2947. 
(11) Malenfant, P. R. L.; Frechet, J. M. J. Macromolecules 2000，S3, 3634-3640. 
(12) (a) Yin, R.; Zhu, Y.; Tomalia, D. A.; Ibuki, H. J. Am. Chem. Soc. 1998，120, 2678-
2679. (b) Ouali, N.; Mery, S.; Skoulios, A.; Noirez, L. Macromolecules 2000，33, 
6185-6193. (c) Ihre, H.; Padilla De Jesus, O. L.; Frechet, J. M. J. 1 Am. Chem. Soc. 
2001，123, 5908-5917. (d) Pollock, N.; Fowler, G.; Twyman, L.J.; McArthur, S.L. 
Chem Commun. 2007，2482-2484. 
(13) (a) Karakaya, B.; Claussen, W.; Gessler, K.; Saenger, W.; Schluter, A.-D. J. Am. 
Chem. Soc. 1997，119, 3296-3301. (b) Helms, B.; Mynar, J. L.; Hawker, C. J.; 
Frechet, J. M. J. J. Am. Chem. Soc. 2004，126’ 15020-15021. 
(14) (a) Flory, P. J. Principles of Polymer Chemistry; Cornell University Press: Ithaca, 
1953. (b) Sperling, L. H. Introduction to Polysical Polymer Science; 3rd Ed.; John 
Wiley & Sons: U.S.A., 2001. 
- 8 3 -
(15) (a) Lau, K.-N.; Chan, M,C.; Wong, K.-W.; Chow, H.-F. Angew. Chem., Int. Ed. 
2008，47, 6912-6916. (b) Jahromi, S.; Coussens, B.; Meijerink, N.; Braam, A. W. 
M. lAh. Chem. Soc. 1998，120, 9753-9762. … -
(16) (a) Kasemi, E.; Zhuang, W.; Rabe，J. P.; Fischer, K.; Schmidt, M.; Colussi, M.; 
Keul, H.; Yi，D.; Colfen, H.; Schliiter, A. D.丄-Am. Chem. Soc. 2006，128, 5091-
5099. (b) Kaneko, T.; Horie，T.; Asano, M.; Aoki, T.; Oikawa, E. Macromolecules 
1997，30, 3118-3121. (c) Scrivanti, A; Fasan, S.; Matteoli, U.; Seraglia, R.; Chessa; 
G. Macromol Chem. Phys. 2000，201, 326-329. 
(17) (a) Moingeon, F.; Masson, P.; Mery, S. Macromolecules 2007，40, 55-64. (b) 
Yeardley, D. J. P.; Ungar, G.; Percec, V.; Holerca, M. N.; Johansson, G. J. Am. 
Chem. Soc. 2000，122, 1684-1689. (c) Rajaram, S.; Choi, T.-L.; Rolandi, M.; 
Frechet, J. M. J. J. Am. Chem. Soc. 2007,129, 9619-9621. 
(18) (a) Lehn, J.-M. Supramolecular Chemistry, VCH Publishers: New York, 1995. (b) 
Bnmsveld，L.; Folmer, B, J. B.; Meijer, E. W.; Sijbesma, R. P. Chem. Rev. 2001， 
101，4071-4098. 
(19) (a) Takeshita, M.; Hayashi, M.; Kadota, S.; Kamml Hossain Mohammed, K. H.; 
Yamato, T. Chem. Commun. 2005，761—763. (b) Dahmane, S.; Zhao, Y. J. Appl 
Polym. Sci. 2006,102, 744-750. 
(20) Folmer, B. J. B.; Sijbesma, R. P.; Versteegen，R. M.; van der Rijt, J. A. J.; E. W. 
Meijer. Adv. Mater. 2000，12, 874-878. 
(21) van de Craats, A. M.; Warman, J. M.; Fechtenkotter, A.; Brand, J. D.; Harbison, M. 
A.; Mullen, K. Adv, Mater. 1999，11, 1469-1472. 
(22) (a) Sijbesma, R. P.; Beijer，F. H.; Brunsveld, L.; Folmer, B. J. B.; Hirshberg, J. H. 
K. K.; Lange，R. F. M.; Lowe, J. K. L.; Meijer, E. W. Science 1997, 278, 1601-
1604. (b) Choi, I’ S.; Li, X.; Simanek, E. E•； Akaba, R.; Whitesides, G. M. Chem. 
- 8 4 -
Mater. 1999，11, 684-690. (c) Hirschberg, J. H. K. K.; Beijer, F. H.; van Aert, H. 
A.; Magusim, P. C. M. M.; Sijbesma, R. P.; Meijer, E. W. Macromolecules 1999, 
32, 2696-2705. (d) Folmer，B. J. B.; Sijbesma, R. P.; Meijer, E. W. J. Am. Chem. 
Soc. 2001，123, 2093-2094. (e) Fouquey, C.; Lehn, J. M.; Levelut，A. M. Adv. 
Mater. 1990, 2, 254-257. (f) Lehn. J. M.; Makromol Chem., Macromol Symp, 
1993, 69, 1-17. 
(23) (a) Michelsen, U.; Hunter, C. A. Angew. Chem., Int. Ed Engl 2000，39, 764-767. 
(b) Ogawa，K.; Kobuke, Y. Angew. Chem., Int. Ed. Engl. 2000，39, 40704073. (c) 
Velten，U.; Rehahn, M. Chem Commun. 1996，2639-2640. 
(24) Xie，D.; Zhang, G.; Chen, D.; Jiang, M. Chem. Eur. J. 2007，13, 3346-3353. 
(25) Leung, K. C.-F.; Mendes, P. M.; Magonov，S. N.; Northrop, B. H.; Kim, S.; Patel, 
K.; Flood, A. H.; Tseng, H.-R.; Stoddart, J. F. 1 Am. Chem. Soc. 2006, 128, 
10707-10715. 
(26) Kim, Y.; Mayer, M. F.; Zimmerman, S. C. Angew. Chem., Int. Ed. 2003, 42, 1121-
1126. 
(27) Zimmerman, S. C.; Zeng, F.; Reichert，D. E. C.; Klolotuchin, S. V. Science 1996, 
271, 1095-1098. 
(28) Corbin, P.S.; Lawless, L.J.; Li, Z.; Ma, Y.; Witmer, M. J.; Zimmerman, S. C. Proc. 
Natl. Acad. Sci. U.S.A. 2002, 99, 5099-5104. 
(29) (a) Castellano, R. K.; Rudkevich, D. M.; Rebek, J. Jr. Proc. Natl. Acad. Sci. U.S.A. 
1997，94, 7132-7137. (b) Garozzo, D.; Gattuso, G.; Kohnke, F. H.; Notti，A.; 
Pappalardo, S.; Parisi, M. F.; Pisagatti, I.; White, A. J. P.; Williams, D. J. Org. Lett. 
2003, 5, 4025-4028. (c) Xu, H.; Stampp, S. P.; Rudkevich, D. M. Org. Lett. 2003, 
5, 4583-4586. 
-85-
(30) Harada, A. J. Polym. Set, Part A: Polym Chem. 2006，44, 5113-5119. (b) Hoshino, 
T.; Miyauchi, M.; Harada, A. J. Polym. Sci., Part A: Polym Chem. 2003，41, 3519-
3523. ‘ — " “ 
(31) (a) Ashton，P. R，； Baxter, I.; Cantrill, S. J.; Fyfe, M. C. T.; Glink, P. T.; Stoddart, J. 
F，； White, A. J. P.; Williams, D. hAngew. Chem., Int. Ed. 1998，37, 1294-1297. (b) 
Ashton, P. R.; Parsons, I. W.; Raymo, F. M.; Stoddart, J. F.; White, A. J. P.; 
Williams, D. J.; Wolf, R. Angew. Chem., Int. Ed. 1998，27, 1913-1916. (c) Huang, 
F.; Nagvekar, D. S.; Zhou, X.; Gibson, H. W. Macromolecules 2007, 40, 3561-
3567. (d) Yamaguchi, N.; Gibson，H. W. Angew Chem., Int. Ed. 1999’ 38，143-147. 
(32) (a) R. B. Martin. Chem. Rev. 1996，96, 3043-3064. (b) A. Ciferri. Macromol. 
Rapid Commun. 2002，23, 511-529. (c) Zhao, D.; Moore, J. S. Org. Biomol. Chem. 
2003,1’ 3471-3491. 
(33) Odian, G. Principles of Polymerization; 4th ed.; John Wiley & Sons: New Jersey, 
2004. 
(34) Binder, W. H.; Zirbs, R. Adv. Polym. Sci. 2007，207, 1-78. 
(35) (a) Chang, S. K.; van Engen, D.; Hamilton, A. D. J. Am. Chem. Soc. 1991，113， 
7640-7645. (b) Chang, S. K.; Hamilton, A. D. J. Am. Chem. Soc. 1988,110, 1318-
1319. 
(36) Beijer, F. H.; Sijbesma, R. P.; Kooijman, H.; Spek, A. L.; Meijer, E. W. J. Am. 
Chem. Soc. 1998，120，6761-6769. 
(37) Sartorius, J. Schneider, H. J. Chem. Eur. J. 1996, 2，1446-1453. 
(38) Scherman, O. A.; Ligthart, G. B. W. L,; Sijbesma, R. P.; Meijer, E. W. Angew 
Chem., Int. Ed. 2006, 45, 2072—2076. 
(39) Sun, H.; Kaifer, A. E. Org. Lett. 2005，7, 3845-3848. 
(40) Chow, H.-F.; Wong, C.-H.; Hui, S.-K.; Sze, K.-H. Org. Lett. 2006, 8, 1811-1814. 
- 8 6 -
(41) Chow, H,F. ; Wong, C.-H.; Ng，K,F.; Wang, Z.-Y.; Lo，C.-M.; Luk, T.; Yang, Y , 
Y. Org. Lett, 2006，8, 471474. 
(42) Hunag, S. L.; Omufa, K.; Swem，D. J. Org. Chem. 1976, 41，3329-3331. 
(43) Corey, E. J.; Fuchs，P. L. Tetrahedron Lett. 1972，13, 3769-3772. 
(44) Sonogashira, K.; Tohda, Y.; Hagihara, N. Tetrahedron Lett 1975，16, 4467-4470. 
(45) Curtius, T. Ber. Dtsch. Chem. Ges. 1890，23, 3023-3033. 
(46) Zhang, Q.; Shi, C.; Zhang, H.-R.; Wang, K. K. J, Org. Chem. 2000, 65, 7977-7983. 
(47) Kawasuji, T.; Yoshinaga，T.; Sato, A.; Yodo, M.; Fujiwara, T.; Kiyama, R. Bioorg. 
Med. Chem. 2006，14, 8430-8445. 
(48) Gassman, P. G.; Schenk, W. N. J. Org. Chem. 1977，42, 918-920. 
(49) Roland, J. T.; Ma, S. X.; Nguyen, M.; Guan, Z. Polym. Preprints 2003，44, 726-
727. 
(50) Seto，C. T.; Whitesides, G. M. J. Am. Chem. Soc. 1993,115, 1330-1340. 
(51) (a) Carman, C. J.; Tarpley, A. R. Jr.; Goldstein, J. H. Macromolecules 1973, 6, 
719-724. (b) Jennings, W. B. Chem. Rev. 1975，75, 307-322. (c) Surprenant, H. L.; 
Reilley, C. N. Anal. Chem. 1977, 49, 1134-1139. (d) Tonelli, A. E.; Schilling, F. C.; 
Bovey，F. A.J. Am. Chem. Soc. 1984，106, 1157-1158. 
(52) ten Gate, A. T.; Kooijman, H.; Spek, A. L.; Sijbesma, R. P.; Meijer, E. W. J. Am. 
Chem. Soc. 2004，126, 3801-3808. 
(53) For reviews on organogelators, see (a) Terech, P.; Weiss, R. G. Chem. Rev. 1997, 
97, 3133-3159. (b) Vintiloiu, A.; Leroux, J.-C. J. Control Release. 2008, 125, 
179-192. 
(54) (a) Suzuki, M.; Nakajima, Y.; Yumoto, M.; Kimura, M.; Shirai，H.; Hanabusa, K. 
Langmuir 2003，19, 8622-8624. (b) Friggeri, A.; Gronwald, O•； van Bommel, K. J. 
- 8 7 
C.; Shinkai, Seiji.; Reinhoudt, D. N. J. Am. Chem. Soc. 2002, 124, 10754-10758. 
(c) Iqbal, S.; Miravet, J. F.; Escuder, B. Eur. J. Org. Chem. 2008，4580-4590. 
(55) Jones, M.-C.; Tewari, P.; Blei. C.; Hales, K•； Pochan, D. J. Leroux, J.-C: J. Am: 
Chem. Soc. 2006，128, 14599-14605. 
(56) (a) Penzes, T.; Csoka, I.; Eros, 1. Rheol. Acta. 2004，43, 457463 . (b) Nastruzzi, C.; 
Gambari, R. J. Control Release. 1994，29’ 53-62. (c) Najjar, T. A.; Sleeper, H. R.; 
Murdan, S. J. Oral Med. 1969，24’ 53-57. 
(57) Bekiari, V.; Lianos, P. Chem. Mater. 2006，18’ 4142-4146. 
(58) (a) Lee, D.-C.; McGrath，K. K.; Kyoungmi, J. Chem. Commun. 2008，3636—3638. 
(b) Mukhopadhyay, P.; Iwashita, Y.; Shirakawa, M.; Kawano, S.; Fujita, N.; 
Shinkai, S. Angew. Chem. Int. Ed. 2006，45, 1592-1595. 
(59) (a) Ajayaghosh, A.; George, S. J.; Praveen, V. K. Angew. Chem. Int. Ed, 2003, 42’ 




1. 1h NMR spectrum of ditriflate 31 91 
2. 1h NMR spectrum of 2-Amino-4-beiizyloxy-6-methylpyrimidine 46 92 
3. 13c NMR spectrum of 2-Amino-4-benzyloxy-6-methylpyrimidine 46 93 
4. 1H NMR spectrum of [Gl]-dibromide 24 94 
5. 13c NMR spectrum of [Gl]-dibromide 24 95 
6. 1h NMR spectrum of [Gl]-acetylene 27 96 
7. '^C NMR spectrum of [Gl]-acetylene 27 97 
8. 1h NMR spectrum of acetylenic [Gl]-diester 32 98 
9. i3c NMR spectrum of acetylenic [Gl]-diester 32 99 
10. 1h NMR spectrum of saturated [Gl]-diester 35 100 
11.13c NMR spectrum of saturated [G1 ]-diester 35 : 101 
12. 'H NMR spectrum of saturated [Gl]-<iiacid 38 102 
13. 13c NMR spectrum of saturated [Gl]-diacid 38 103 
14. ^H NMR spectrum of [Gl]-bifunctional protected monomer 48 104 
15. 13c NMR spectrum of [Gl]-bifunctional protected monomer 48 105 
16. ^H NMR spectrum of [Gl]-bifunctional dendronized monomer 15 106 
17. NMR spectrum of [G2]-dibromide 25 107 
18. 13c NMR spectrum of [G2]-dibromide 25 108 
19. 'H NMR spectrum of [G2]-acetylene 28 109 
20. 13c NMR spectrum of [G2]-acetylene 28 110 
21. 'HNMR spectrum of acetylenic [G2]-diester 33 I l l 
22. 13c NMR spectrum of acetylenic [G2]-diester 33 112 
23. 'HNMR spectrum of saturated [G2]-diester 36 113 
24. 13c NMR spectrum of saturated [G2]-diester 36 114 
25. NMR spectrum of saturated [G2]-diacid 39 115 
26. 13c NMR spectrum of saturated [G2]-<liacid 39 116 
27. 'H NMR spectrum of [G2]-bifunctional protected monomer 49 117 
28. i^C NMR spectrum of [G2]-bifunctional protected monomer 49 118 
29. NMR spectrum of [G3]-<iibromide 26 119 
30. 13c NMR spectrum of [G3]-dibromide 26 120 
31. ^H NMR spectrum of [G3]-acetylene 29 121 
32. 13c NMR spectrum of [G3]-acetylene 29 122 
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33. NMR spectrum of acetylenic [G3]-diester 34 123 
34. 13c NMR spectrum of acetylenic [G3]-diester 34 124 
35. NMR spectrum of saturated [G3]-diester 37 125 
36. 13c NMR spectrum of saturated [G3]-diester 37 126 
37. NMR spectrum of saturated [G3]-diacid 40 127 
38. 13c NMR spectrum of saturated [G3]-diacid 40 128 
39. 'H NMR spectrum of [G3]-bifUnctional protected monomer 50 129 
40. 13c NMR spectrum of [G3]-bifUnctional protected monomer 50 130 
41. NMR spectrum of [G3]-bifunctional dendronized polymer 17 131 
42. Different regions of ^H NMR spectrum of [G3]-bifunctional dendronized polymer 
17 132 
43. 13c NMR spectrum of [G3]-bifunctional dendronized polymer 17 133 
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